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Introduction 


It is time for us to “let science be science!” 

Unfortunately, today one often sees some political and scientific leaders 
making climatic decisions based upon political conformity, the desire for 
personal profit, and/or emotions expressing what they want it to be and 
not what it is. These decisions often misstate scientific facts and label their 
opinions as scientific fact. This is particularly true in climatology, in dis¬ 
cussions of global warming resulting from mans activities. Over the past 
few years, one has seen ill-informed individuals making catastrophic state¬ 
ments about how global climate change will damage the Earth. These are 
often individuals who: (1) have a partial understanding of only a limited 
aspect of the natural sciences, (2) ignore long-term historical scientific 
data, tending to only look at the very limited current data of the past few 
years, (3) support their decisions because they can make money selling 
snake-oil to others, and/or (4) often appear to be more interested in mak¬ 
ing it a political issue and refusing to seriously discuss it. For all the above 
reasons, and possibly a few others, one can see politicians and a few scien¬ 
tists making foolish predictions about how climate will drastically change 
in the near future—predictions which do not prove to be true—and then 
calling their proclamations science. The authors refer to this as pseudosci¬ 
ence, in which people who predict catastrophe refuse open discussion of 
their ideas, unless we are willing to accept their ideas. This same group 
of individuals encourages politicization of science while discouraging any 
discussion that might not be acceptable to their perceptions. 

A geologist Robert S. Young (2017) wrote in the New York Times about 
science marches supporting anthropogenic global warming,which was later 
echoed by many on social media, “a march reinforces the narrative that 
scientists are a special interest group, and further alienates scientists and 
scientific findings from a significant portion of the population who are 
already skeptical. Will a march for science help science?” It seems unlikely. 
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The fact that over the past 50 years many projections and predictions have 
proven to be false, has never changed their unsupportable forecasts. 

Early scientific leaders, Galileo, Newton, etc., developed what is today 
called the scientific method in that one: (1) first gathers the data, (2) then 
develops a hypothesis to explain the gathered data, (3) tests that hypothe¬ 
ses with data and then (4) if the hypothesis doesn’t totally answer the ques¬ 
tion, adjusts the hypothesis and continues testing until all aspects of the 
hypothesis are covered. There is open discussion during all aspects of this 
method. Unfortunately, the pseudoscientists develop their hypothesis and 
then refuse to discuss their concepts, politicizing and demonizing anyone 
with a question that challenges their hypothesis, even though there is data 
that conflicts with their hypothesis. 

This book is dedicated to use of the scientific method in explaining the 
development of the Earths climate and addressing the questions, “(1) Is 
there global warming? and (2) is it generated by human beings?” To do this 
requires an understanding of data from the fields of geology, thermody¬ 
namics, physics, cosmology, biology and other areas of natural science. As 
additional scientific data is revealed, the hypotheses presented in this book 
will change accordingly. 

The followers of pseudoscience have proposed many catastrophic 
changes in the Earth’s climate over the past few years, which have been 
proven to be false. Friends of Science (2017) have succinctly grouped many 
of these misconceptions into the following myths: 

1. Global temperatures are rising at a rapid, unprecedented 
rate. 

2. The hockey stick graph shows that the Earth has experienced 
a steady, very gradual temperature decrease for 1,000 years, 
then recently began a sudden increase in temperature due to 
increased anthropogenic carbon dioxide in the atmosphere. 

3. Human-produced carbon dioxide has increased over the last 
100 years, adding to the greenhouse effect, thus causing most 
of the Earth’s warming of the last 100 years. 

4. Carbon dioxide is a pollutant and a dangerous poisonous gas 
in the Earth’s atmosphere. 

5. Computer models verify that increases in carbon dioxide in 
the atmosphere cause significant global warming. 

6. The United Nations Intergovernmental Panel on Climate 
Change (IPCC) has demonstrated that man-made carbon 
dioxide causes global warming. 


Introduction xvii 


7. Global warming will cause more storms, fires, rising sea 
levels and other catastrophic climatic extremes. 

8. Receding glaciers and the calving of ice shelves are proof of 
anthropogenic global warming. 

9. The Earth’s poles are warming, polar ice caps are breaking 
up and melting, and polar bears are dying out due to global 
warming. 

Every one of the above statements is false, proven by scientific facts. Yet 
the proponents of this pseudoscience continue to make additional outra¬ 
geous climate forecasts, supported not by science, but rather their feelings. 

The authors have gathered the following scientific data to present a fac¬ 
tual understanding of the Evolution of the Earth’s Climate. The authors 
for this book present the collective wisdom of many authors with experi¬ 
ence and expertise in the fields of geology, engineering, mathematics, cos¬ 
mology, biology, thermodynamics. As more scientific data is gathered, the 
hypothesis within this book will change; that is science! 
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Climatic Paradox 


Historic Temperatures of Early Earth 

Today, the Earth is the one planet out of all the planets in the solar system 
that has an atmosphere providing a favorable climate for the evolution of 
life (both flora and fauna) on its surface. To better understand the historic 
development of the Earth and its atmosphere, geologists have divided the 
age of the Earth into eons, eras and periods. Figure 1.1 displays the geologic 
system of time division used in this book, showing the development of life 
and how it relates to the changing environmental geologic development of 
the Earth. When discussing the climate of the Earth, a critical component 
is that of temperature. A temperature chart covering the entire history of 
Earth is presented in Figure 1.2. The arrow on the right side of this figure 
points to today’s average surface temperature of the Earth. The Earth has 
experienced both cooler and warmer periods of temperature with cyclic 
occurrence. In general, Figure 1.2 reveals that the Earth has been much 
warmer in the past than it is today, and that over the past 65 million years 
(MY) has progressively cooled. 
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Figure 1.1 Development of life on Earth for the past 4.5 BY. (After pbhslifescience, 
https://pbhslifescience.wordpress.com/2016/ll/04/evolution-slides-l.) 


Mean global temperature 



Figure 1.2 Schematic 4.5 BY Earth chart. (Original data from Frakes (1979); in: Watts, 
https:// Wattsvpwiththat.com/2014/09/08/Monday.) 

Sorokhtin et al. (2011) defined life on the Earth as a concourse of sev¬ 
eral circumstances. These circumstances include: (1) a quiet star, e.g., Sun; 
(2) the optimum distance of the Earth to the Sun throughout the Earths 
orbit about the Sun; (3) the presence of a massive satellite, e.g., the moon; 

(4) chemical composition of the primordial Earth and its atmosphere; and 

(5) several other causes reviewed in detail in the monograph by Sorokhtin 
and Ushakov (2002). Climatic conditions for life habitation on the Earth was 
a result of changing atmospheric composition (see Figure 1.3) and pressure 
and to a feedback between the evolution of the Earth biota and atmosphere. 
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Figure 1.3 A climatic paradox: The sun luminosity increases over time, whereas Earth’s 
temperature gets cooler. Curve 1 - average isotopic water temperature that is sea-flint 
forming in, also describes the average temperature for the global, near-bottom of sea 
floor ocean water. The dots are <5 ls O values for the sea-flint (after Schopf, 1982). Curve 2 
- temperature of an absolutely black body at the distance of Earth-from-sun, which 
describes the sun’s luminosity. 



Concepts by Some of Global Warming 

Today by some, a major environmental concern is the release of human 
generated carbon to the atmosphere (anthropogenic). It is thought by these 
individuals, without either historic or scientific evidence, that humans are 
putting too much carbon in the form of carbon dioxide (C0 2 ) or methane 
(CH 4 ) into the atmosphere and that this anthropogenic carbon is somehow 
responsible for what they feel is global warming. 

The Earth’s climate (temperature) is primarily determined by: (1) the 
Suns radiation intensity, (2) the composition and density of the Earth’s 
atmosphere and (3) the Earth’s atmospheric capability to absorb and retain 
the Sun’s energy. It is often, incorrectly assumed, that the heating of the 
Earth’s atmosphere and surface is, to a substantial extent, only due to the 
capacity of various atmospheric gases that absorb the IR (heat) radiation 
from the Sun, ignoring the atmospheric pressure. 

The concept that the Earth’s atmosphere is heated by the greenhouse 
gases was first proposed by the Swedish scientist Svante Arrhenius at the 
end of the nineteenth century. This idea is now postulated as obvious and 
accepted without verification [Maslin (2004) in: Enzler (2015); Budyko 
(1974 & 2002); Greenhouse effect (1989); and Petrosyants (1994)]. Svante 
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proposed a relationship between atmospheric carbon dioxide concentra¬ 
tions in the atmosphere and global temperature, i.e., if only one increased 
the concentration of carbon dioxide, the atmosphere would absorb more 
energy 

Since then, this concept today is found within the conclusions of the 
Intergovernmental Panel on Climate Change (IPCC), Greenpeace, United 
Nations Environmental Program (UNEP), and World Meteorological 
Organization (WMO). This same viewpoint was totally supported in the 
resolutions of the International Ecological Congresses in Rio de Janeiro, 
Brazil (1992) and Kyoto, Japan (1997). 

It is assumed that the main danger to the Earth’s climate arises from the 
fundamental energy sources of the modern economy through the release 
of greenhouse gases, especially carbon dioxide, into the atmosphere. Under 
some forecasts of the proponents of the manmade (anthropogenic) global 
warming concept, a warming of the Earth’s surface temperature could 
increase 2.5 to 5 °C by the year 2100. The rise in the ocean level caused 
by this warming would reach 0.6 to 1.0 m, resulting in problems for the 
densely populated areas of the Earth along the continental shores. Other 
consequences of global warminghsve also been forecast, e.g., the spread of 
deserts, permafrost melting, soil erosion, etc. 

The conventual theory of global warming states that the heating of the 
atmosphere’s troposphere occurs as a direct result of the anthropogenic 
addition of carbon dioxide (C0 2 ) and the methane (CH 4 ) that is added 
to the Earth’s atmosphere by man. As a result, the petroleum industry has 
often been singled out for blame, for the release of additional carbon (meth¬ 
ane and carbon dioxide) into the atmosphere as it produces, handles and 
burns hydrocarbons. Some of these environmentalists also believe that 
today’s increase in atmospheric carbon dioxide can be primarily attributed 
to any human activities that are related to the release of C0 2 or CH 4 to the 
atmosphere. 


Earth’s Historic Temperature Charts 

Today’s literature is filled with a wide variety of options about global 
warming and climate change. Unfortunately, these opinions are not always 
grounded in the Earth’s temperature history or scientific facts, but rather 
in emotional feelings. This range of opinions include those by: (1) The 
National Oceanic and Atmosphere Administration (NOAA) which has 
claimed that there has been no recent slowdown in global warming; (2) the 
Space and Science Research Corporation stating that the Earth is presently 
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in a sustained phase of global cooling; and (3) some experts who state that 
we have been in a transition phase without significant warming or cooling for 
the past 20 years. These opinions are made without looking at the historic 
temperature charts of the Earth, leaving open the question of “Are we cool¬ 
ing, transitioning, or warming ?” 


Misuse of Temperature Charts 

To correctly answer the question of the Earths cooling or warming con¬ 
troversy, one must first look at temperature charts over the whole time 
of the Earth’s geologic history to understand where we have been and 
where are we going. Understanding where we have been requires obtain¬ 
ing temperature charts (records) of temperatures before recorded history. 
Unfortunately, before recorded history, there was no recording of tempera¬ 
tures; however, there are several methods we can use to infer temperatures 
during these earlier periods of time. Temperature charts can be prepared by 
inferring temperatures obtained from ice cores, tree rings, etc. It should be 
noted that these values of temperatures obtained are approximations and 
not necessarily the exact values of the Earth’s average surface temperatures 
(see Figure 1.2). Therefore, temperature charts, with values obtained by 
one method, may not always exactly match those temperatures obtained by 
a different method for the same period. Whenever possible, in preparing a 
temperature chart, it is preferable to use only temperatures that have been 
obtained by one technique. It has been said, Oranges are easily comparable 
to other oranges, but not necessarily when you directly compare apples to 
oranges. Also, many times it is not the inferred values of temperature that 
are important, but rather, the trends that a temperature chart data displays 
for a given period of time. This is particularly true when you have inferred 
temperatures from more than one method indicating slightly different 
numbers, but showing a similar trend. 

Today, some portions of our planet experience extreme heat, whereas 
other areas experience the opposite. Temperature inferred at the 
poles should be expected to be cooler than the average surface tempera¬ 
tures inferred in other areas of the Earth and, therefore, not necessarily be 
expected to represent an average surface temperature for the Earth at that 
time. It has also been noted that climatic conditions of the two poles are not 
always similar. In examining a temperature chart, it is crucial to: (1) know 
what method was utilized to determine the temperatures and (2) whether 
in preparation of the chart, only one method was used to determine the 
temperatures. 
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Use of Paleoclimatology to Estimate Prehistoric 
Temperatures 

Paleoclimatology is the study of historic climatic conditions, examining 
their causes and effects in the geologic past, using current data found in 
glacial deposits, fossils, sediments, etc. This chapter reviews the study of 
historic climatic conditions (temperature charts) of the Earth’s tempera¬ 
tures as inferred by a particular method, e.g., analyzing ocean sediments. 
One should remember that before recorded history, neither satellites nor 
thermometers existed. But one may use the fossil record, for example, to 
infer/deduce temperatures at the time when the fossil of that flora or fauna 
was alive. For example, palm trees do not grow well in Arctic weather; 
therefore, the existence of palm tree fossils indicates a temperature at the 
time that fossil was laid down. Therefore, looking at fossils within the rock, 
we can infer an estimated temperature at that period of time the sediment 
was laid down, although the temperature may not be the exact value. 

Estimates of the Earth’s surface temperatures can be made by many dif¬ 
ferent methods based upon the data from oxygen isotope ratios, ice cores, 
ocean sediments, dendroclimatology, etc. The various methods of temper¬ 
ature inference can result in slightly different values for the approximate 
temperatures inferred by other methods for the same time period. There 
is no one perfect method that can be used to measure historic tempera¬ 
tures over the age of the Earth. One should select a technique of determin¬ 
ing temperature, where the data is available over the entire period of time 
under consideration. 

Not all methods of temperature inference are of equal significance, 
because the technique of gathering temperature data can directly affect 
the precision of the results. Because of this, researchers have been known 
to adjust the results of collected data to make them more representable. 
Unfortunately, literature has several examples where these adjustments 
have been made, likely introducing the researcher’s biases into the data. 
The temperature charts presented in this chapter present prehistoric 
inferred temperature data, but where possible, the authors have also iden¬ 
tified the method used in temperature determination. Although no one 
method of gathering temperature data is possible for extended periods of 
time, examining the results of using several different methods can estab¬ 
lish and confirm the trends in temperature. Verification of the trends in 
temperature-change, using several different methods of temperature deter¬ 
mination is critical to understanding the Earth’s climate. 
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Use of the Oxygen Isotope Ratio to Estimate 
Historic Temperatures 

A critical factor defining the Earth’s climatic environment is temperature. 
The temperature of prehistoric geological epochs can be estimated by the 
oxygen-isotope ratio. An example of this would be the work of Sorokhtin 
et al. (2011) who used the oxygen-isotope ratio of sea flint, which was 
formed in equilibrium with its surrounding ocean water. At the time of 
formation, the cr 18 0 ratio in the sea flint was the same as its surrounding 
water as it was deposited on the ocean floor. This ratio is dependent on 
the temperature of the water, in which the siliceous deposits were formed. 
Studies of this ratio in sea flints show that for the Earth, a high atmospheric 
temperature existed in the Archaean time (==3.4 BY ago) (Perry and Tan, 
1972). By the mid-Archaean time oceanic water temperature rose to 72 °C 
(Knauth and Lowe, 1978). Other studies indicate that the oceanic water 
temperature for the mid-Archaean Eon (3.2 BY ago) may have reached 
90 °C (Perry, 1967), and based on the isotope composition of siliceous 
schists even up to =100 °C (Knauth and Lowe, 1978). Schopf (1972) recog¬ 
nized the extent that d ls O ratios in ancient flints reflect their origin and, the 
temperature of the water in which the flints had been formed. It is possible 
that the observed regular isotope ratio declines with age as the d ls O ratios 
are associated not only with changes of the oceanic water temperature but 
also due to other reasons, e.g., with the d 18 0 value decline in the Archaean 
oceanic water (Sorokhtin and Ushakov, 2002). 

Sorokhtin et al. (2011) estimated that the seawater isotope composi¬ 
tion in the pre-Cambrian time, as affected by the exchange reactions with 
iron oxides, declined to d ls O = -10%o. Galimov (1988) estimated that the 
Archaean oceanic water isotope composition was <5 18 0 = -15 to -10%o, 
the S 18 0 = 0. After the disappearance of the metallic iron in the ocean 
from the Earth’s mantle by the end of the Proterozoic time (Sorokhtin and 
Ushakov, 2002), probably d 18 0 = 0 for the seawater. In this case, the near- 
ocean-floor water temperature in Early Archaean would have been much 
more moderate, no higher than 70 °C. Figure 1.3 shows not only the oxy¬ 
gen heavy isotope d l8 0 distribution in the seawater of various ages, but 
also their approximate isotopic temperature of the near-sea-floor water 
(considering the correction by d ls O = -10%o as quoted above). Thus, it fol¬ 
lows that the global ocean near-bottom-floor water temperature and the 
average Earth’s surface temperature both began declining beginning in the 
Archaean time. 
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Historic Temperature Charts for the Past 4.6 BY 

Figure 1.4, a temperature chart covering the past 65 MY, or the period that 
life has been on the Earth, shows not only the ocean temperature, but also the 
flow of energy (primarily from the Sun) that has warmed the surface of the 
Earth over time. The inferred temperatures in this graph were based on the 
oxygen-isotope ratios obtained from polar oceanic sediments of various ages. 
Significant glaciations are indicated on the graph. During most of the Earths 
history, global temperatures were much warmer than they are today. This figure 
also indicates several earlier periods of colder temperature (glaciation). Over 
the last 65 MY, the Earth has experienced a steady decrease in temperature. 


Glacial Periods and Interglacial Periods 
(4.5 to 0.54 BY AGO) 

Examination of Figure 1.2 between 4.5 to 0.54 billion years (BY) ago indi¬ 
cates four major glacial and interglacial periods occurred in the early geo¬ 
logic history of the Earth. The Earth’s surface, during these cooler periods, 
was often covered with massive sheets of ice, sometimes covering entire 
continents. This had a pronounced impact on: (1) Earth’s climate, (2) sea 
levels (total oceanic water volume), (3) climatic belts, and (4) distribution 
of biota throughout the world (Sorokhtin et al, 2007). 
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Figure 1.4 Historic deep ocean temperatures based on the 180 isotopic shift in the 
benthos fauna of carbonates, (isotope data from Zachos et al, 2001.) 
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A traditional explanation for the development of these major ice ages in 
the past geologic periods has been a variation in the Earth’s distance from 
the Sun, e.g., variation in the Milankovitch orbital cycles (also see http:// 
earthobservatory.nasa.gov/Library/Giants/Milankovitch). The parameters 
of the Earth’s orbit exhibit semi-cyclic changes with periods ranging from 
0.1 to 2 MY. Sorokhtin (2005) has noted that corresponding changes in 
temperature at the Earth’s poles can reach up to 15 °C. The periodic varia¬ 
tions in the orbital parameters of Earth are correlated with the occurrence 
of glacial periods (http://geosciences.ou.edu/). This data on this tempera¬ 
ture chart (Figure 1.4) show historic cycles of global temperatures going 
from warm-to-cool-to-warm with interglacial periods in between. 


Historic Temperature Record of the Past 540 MY 

Scotese (2003) presented the Earth’s temperature chart showing relative 
changes in global average temperature of the past 540 MY (Figure 1.5). 
These temperatures of the Earth’s ancient climate were computed by the 
Paleomar Project utilizing several methods of inferring temperature, which 
is reflected in the use of various time scales. This project mapped the past 
positions of the continents and showed the distribution of rock types that 
had formed in the specific time periods, recognizing the climate required to 
produce that rock type. Climatic conditions were inferred, as certain types 
of rocks, e.g., coals, require abundant rainfall and only form under specific 
conditions (tropical rainforests or temperate forests). Paleomar’s diagrams 
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Figure 1.5 Temperature chart for the past 540 MY based upon several methods of 
temperature inference from various researchers. The horizontal time scale is a mixture of 
linear and logarithmic scales. Note that the Earth has been generally warmer in the past 
than it is today. (Data from U.S. DOE; in: http://theconversation.com/sudden-global- 
warming-55m-years-ago -was-much-like-today-35505.) 
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indicate which rock types formed in which climatic belts. By mapping 
the past distribution of thousands of these rock types, they reconstructed 
this chart inferring the ancient temperatures. This data indicates a shift 
of global temperature, alternating between frigid and warm, in the earlier 
periods of geologic time to almost a steady decline of temperature over the 
past 65 MY. Again, this temperature chart demonstrates that today’s global 
temperatures are significantly lower than those in the past. The horizontal 
line in the figure represents the value of today’s average global temperature. 

Examination of temperature charts for the various periods of time helps 
identify those factors influencing the Earth’s climate. Figures 1.2 and 1.5 
clearly display the energy transfer from the Sun to the Earth over time. The 
declining temperature indicates that there is a decay in absorbed energy 
by the Earth occurring during the past 65 MY. Other temperature charts, 
using different methods of inferring temperature, support this decay of 
energy flow. This decline of temperature suggests a continual decrease in 
the Earth’s absorption of energy over this period. This decay is so small 
that it cannot be seen if one is looking at temperature charts that cover 
only a few years; however, this decay of temperature can only be seen over 
millions of years. This absorption of energy is the primary climatic factor 
controlling the Earth’s temperature, demonstrating that the Earth, due to 
decreasing absorption of energy, continues to cool today. Figures 1.2, 1.4 
and 1.5, utilizing various methods of inferring the temperature, indicate a 
continuous decrease in the energy absorbed by the Earth with respect to 
time, which directly affects the Earth’s climate. 

These charts also show, historically, that the Earth has been cooling over 
the past 65 MY and continues to cool today regardless of minor cyclic varia¬ 
tions in the Earth’s temperatures. This Earth temperature chart (Figure 1.5) 
was assembled by the U.S. Department of Energy. Although there may be 
problems with the specific temperature values which were obtained by 
various methods, this chart clearly shows a declining trend in the Earth’s 
temperature. What is also shown in Figures 1.2,1.4 and 1.5, is that between 
450 and 65 MY ago (C3, 2016): (1) the historic climate of the Earth had 
major cooler (glacial) and warmer periods lasting for long periods of time; 
(2) the length of time for these earlier cycles of cold and warmth far exceed 
what one observes in the past 65 MY; (3) the temperatures observed in 
today’s global cooling era are neither extreme nor unique, even when com¬ 
pared to the relatively recent period of the Minoan/Bronze age civilization 
(Figure 1.6); (4) long-period temperature chart data indicates that we are 
in a cooling period (either glacial or interglacial) and not a warming one. 

Figure 1.7 displays a cyclic relationship between the Sun and the Earth 
over the past =1 million years governed by the distance between the two 
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Figure 1.6 Temperature chart of Greenland interglacial temperatures for the last 10,000 
years as determined from ice-sheet cores. (After Lappi, 2010.) 
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Figure 1.7 Temperature fluctuations over the past one million years. Global reconstructed 
temperature. (After, R. Britanja and R.S.W. van der Waal, “Global 3Ma temperature, 
sea level, and ice volume reconstructions.” National Oceanic and Atmospheric 
Administration, August 14, 2008. https://www.ncdc.noaa.gov/paleo/study/11933 
(Accessed April 5, 2016.) 

bodies. Cycles of 100,000 years are indicated by this chart, where tempera¬ 
ture is governed by the varying distance between the Sun and the Earth 
(.orbital distance). The reason why one examines charts of global tempera¬ 
ture over various periods of time, utilizing various methods of inferring 
temperature, is that charts of different periods of time often emphasize dif¬ 
ferent factors that influence the Earths climate over that time period. In 
this case, Figure 1.7 demonstrates that there has been a cyclical period for 
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temperature of=100,000 years over the past =1 MY. Any temperature chart 
showing less than 100,000-year period would not clearly show this Earth/ 
Sun separation-distance or Earth’s orbital effect on the Earth’s temperature. 
The primary controlling climatic factor of a continual cooling of the Earth 
was shown by charts (Figures 1.2, 1.4 and 1.5) and a secondary factor is 
shown over a 1 MY time period (the cyclic nature of Earth’s temperature 
is demonstrated in Figure 1.7). Today we see people attempting to make 
future temperature forecasts based upon brief time periods of 25,000 or 
1,000-year time periods. These periods of time are far too short to recog¬ 
nize the primary and secondary climate forces controlling the change of 
the Earth’s temperatrure. 

There are several problems with the horizontal scale for inferred tem¬ 
peratures utilizing a variety of temperature inferring methods in Figure 1.5 
(C3,2016): (1) The DOE scientists who produced this chart utilized various 
methods of inferred temperature data and treated all inferring methods as 
equal on this temperature chart, e.g., mixed methods of data determina¬ 
tion were used (instrument thermometer values, ice core data, and den- 
droclimatology reconstructed estimates); (2) This chart contains swaths 
of historic temperature data in the chart that has had the climate records 
“adjusted” upward by at least 0.4 °C over the last 20 years; and (3) Much 
of the information in this chart was estimated by the dendroclimatology 
method. However, this chart is valuable as a comparison to other charts 
prepared utilizing different techniques of inferring temperature and iden¬ 
tifying trends in the Earth’s climate. 

An example of the dendroclimatology method, used to prepare 
Figure 1.7, would be the use of tree rings to tree ring thickness and tem¬ 
peratures and then relate it to age. Generally, a year’s growth of tree ring 
responds to changes in climatic variables by speeding up or slowing down 
the growth, which, in turn, is reflected in a greater or lesser thickness in 
growth rings. A historic tree-ring record can be established by compiling 
information from many living trees in a specific area. This history identi¬ 
fies climatic condition by year for the area. These studies can be extended 
to other areas by comparing the data to other groups of trees. Older intact 
wood that has escaped decay can extend the time covered by the record 
by matching the ring depth changes to contemporary specimens for sev¬ 
eral thousand years. By using this method, one can obtain tree records 
for one area and project the climatic data to other similar areas. Growing 
temperatures of older wood not connected to a contemporary record of 
group of trees can be dated with radiocarbon techniques and the rings 
then utilized to determine climatic data for temperatures of that period. 
A tree-ring record is also useful to produce historic information regarding 
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precipitation, temperature, hydrology, and sometimes fire corresponding 
to a particular area. 

Another example of the use of dendroclimatology is looking at various 
species (either flora or fauna) or their fossils, which respond in an analo¬ 
gous manner to changes in climate. There is a temperature range in which 
they can exist. 

Geologists often utilize dendroclimatology techniques to determine 
climatological data for the sedimentary record (Wikipedia, 2016): 

1. Sediments —sometimes lithified to form a rock, may contain 
remnants of preserved vegetation, animals, plankton or pol¬ 
len, which maybe characteristic of certain climatic zones. 

2. Biomarker molecules —such as the alkenones may yield 
information about their temperature of formation. 

3. Chemical signatures —particularly Ca/Mg ratio of calcite 
in Foraminifera tests, can be used to reconstruct past 
temperatures. 

4. Isotopic ratios —can provide further information. Specifically, 
the 8 18 0 record responds to changes in temperature and ice 
volume, and the 8 13 C record reflects a range of factors. 

Underwater life, as shown in Figure 1.1, developed on Earth during the 
Paleozoic time (542 to 251 MY ago). This was a period that began with the 
breakup of the supercontinent Rodina (Pappus, 2013). The climate of this 
period has been determined by the dendroclimatology technique using a 
variety of geological evidence to deduce ancient temperatures. 

In Figure 1.5, palaeotemperature charts of various geologic periods, 
estimated by the dendroclimatology technique, have been compressed 
together to show the global temperatures of the Earth over a period of 
540 MY. Because of compression of several graphs, the horizontal axis 
(time) includes several different time scales (a mixture of log and linear). 
However, this figure is a useful temperature chart illustrating the exponen¬ 
tial decay in Earth’s temperature of ~25 °F over the last 65 MY. 

The temperature data presented in Figure 1.5 is based on work by Scotes 
(Paleomar Project) who calculated the approximate global temperatures 
required for the distribution of, (1) ancient corals, (2) desert deposits, 
(3) tropical soils, (3) salt deposits, (4) glacial material, and (5) the fossils of 
flora and fauna sensitive to climate, e.g., alligators, palm trees, mangrove 
swamps, etc. This figure illustrates that for much of this period, the average 
global temperatures were about 25 °C, but for short periods of time has 
alternated between frigid (recent age) and warmer (Cambrian, Jurassic, 
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etc.) periods. Heib (2009) has also noted that (1) the geologic record shows 
that the Earth has often been much warmer and more humid than it is 
today; (2) the only period of the Earths history that appears to have similar 
values of global temperature and atmospheric carbon content is 300 MY 
ago, during the late Carboniferous Period; and (3) the last 65 MY show a 
decrease in global temperatures of approximately 25 °C. 

The late Precambrian climate, -600 MY ago, had several major glacia¬ 
tion events covering much of the Earth, resulting in a cooler period. The 
Cambrian Period of the Paleozoic (-530 MY ago) was a time of explo¬ 
sion of organic life on the Earth. Pappus (2013) has noted that this period 
included the evolution of arthropods (ancestors of insects and crustaceans) 
and chordates (ancestors of organisms with rudimentary spinal cords). 
During this period, the continent of Rodina fragmented into Gondwana 
(which would eventually become today’s continents of the Southern 
Hemisphere) and smaller continents made up of bits and the pieces of the 
land which would eventually make up today’s northern continents. These 
changes in life and shifting of continents also affected the climate of the 
Earth’s surface. 

Another method of inferring temperatures for this time period was sug¬ 
gested by Zachos et al. (2001) using the ls O isotropic ratio in benthos fauna 
of carbonates (see Figure 1.4). Looking at the temperatures determined 
from deep-water sediments, one sees a similar temperature trend when 
compared to the Paleomar Project data, thus verifying the global trend of a 
temperature decrease over the past 65 MY. 

Literature is filled with global temperature forecasts ignoring these his¬ 
torical facts and projecting erroneous predictions of future temperatures 
for the Earth based only on 1,000 years or less of historical temperature 
data. They do not recognize their fundamental error that Earth’s global 
climate has been cooling for over 65 MY. They also ignore the fact that 
without either a new source of energy or a change in Earth’s atmosphere’s 
capability to absorb heat, there cannot be an increase in temperature. The 
ignorance of these facts has resulted in both fictitious and imaginary pro¬ 
jections of the Earth’s future global temperatures, melting glaciers, rising 
sea levels, and climate calamities that do not reflect reality. 


Today’s Temperature Charts 

Today there are a vast variety of tools to measure and record the Earth’s 
atmospheric and surface temperatures. The advent of satellites over the past 
few years has permitted detailed studies of atmospheric temperature from 
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Figure 1.8 Temperature chart, 22-year history of UAH satellite-based temperature 
measurements of the global lower troposphere. (After Spenser, 2017.) 


outside of the Earth. The temperature chart in Figure 1.8 is a 22-year chart 
utilizing the UAH satellite-based measurements of the Earth’s atmosphere. 
The base value of temperature (Oct,1981) is its x-axis. Between 1979 and 
2017, the value of the temperature has fluctuated, but never more than 
0.9 °C. The conclusion is that over this period, there has been no significant 
temperature increase or decrease; however, to see a creditable change of the 
Earth’s temperatures, as indicated by the temperature charts, requires time 
periods of thousands of years. 


The Sun—a Primary Source of Energy 

The Sun is the primary source of energy for the Earth’s climate system. 
This concept is the key to understanding the Earth’s temperature charts 
and energy balance between the Earth and the Sun. The Sun (1) warms the 
planet, (2) drives the hydrologic cycle, and (3) makes life on the Earth pos¬ 
sible. The temperature charts (Figures 1.2, 1.4 and 1.5) demonstrate, that 
today’s Earth is absorbing less energy from the Sun than 65 MY ago, which 
is reflected in the decline of the Earth’s temperature. 

There are three primary sources of energy to the Earth: (1) Sun, (2) 
radio-active material within the Earth’s core, and (3) flow of energy 
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throughout the universe. Of these sources of energy, the Sun is by far the 
greatest source of energy to the Earth. 


Physical Aspects of the Sun 

The Sun is a medium-sized star within the galaxy: its mass places it among 
the top 10% of its stars in the galaxy (Nine Planets, 2017). The largest object 
in our solar system is the Sun, which contains more than 99.85% of the 
total mass of our solar system. The planets contain only 0.135% of the mass 
of the solar system, with Jupiter containing more than twice the mass of 
all the planets combined. Jupiter is the second-largest member of our solar 
system. 

The composition of the Sun is -70% hydrogen and -28% helium by 
mass. This composition changes slowly over time as the Sun utilizes the 
hydrogen as a fuel and converts it to helium. The Sun rotates around its 
axis like that of the Earth; however, the Sun acts as a plastic body and not a 
solid body like the Earth. The Sun’s rate of rotation is from east to west, but 
its velocity varies throughout the physical sphere of the Sun. At the Sun’s 
equator, the Sun’s surface rotates once every 25.6 days, whereas near the 
poles it is slower (about 33.5 days). Viewed from the Earth as it orbits the 
Sun, the apparent rotational period of the Sun at its equator appears to be 
-28 days. This differential physical rotation of the Sun also extends down 
into its interior; however, the Sun’s core rotates like that of a solid body 
(Space Weather, 2016). 

Sunspots 

The core of the Sun is approximately 25% of its radius. The temperature at 
the core is 15.6 million degrees Kelvin and the pressure is 250 billion atmo¬ 
spheres. At the surface of the Sun, the photosphere temperature is upward 
of 5,800 degrees K. The surface of the Sun (photosphere) has cooler areas, 
that are upward of 3,800 degrees K and appear as darker areas, known as 
sunspots. Sunspots vary in size, some as great as 50,000 km in diameter. 
Sunspots look dark only in comparison with the brighter and hotter regions 
of the Sun’s surface (Nine Planets, 2017). Sunspots form where magnetic 
field lines come up from the Sun’s interior through the solar surface caus¬ 
ing every sunspot to have its own polarity. A sunspot consists of two parts: 
(1) the dark portion (umbra) and (2) the lighter part around the dark part 
(penumbra). The sunspot regions follow the rotation of the Sun. In size, 
there is a great variation; some are many times larger than the Earth and 
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there are many that are much smaller. A large sunspot can have a temper¬ 
ature of 3700 °C compared to the surrounding typical photosphere tem¬ 
perature of about 5500 °C. The sunspot region travels across the solar disk 
from east to west as seen from the Earth (Space Weather, 2016). 

The number of sunspots appearing in the Suns photosphere varies cycli¬ 
cally, from none or a few, to a much higher number. The average length of 
time for this cycle appears to be about 11 years. But the length of the cycle 
varies and some recent investigators are suggesting a longer cycle period. 
Between 1700 and today, the sunspot cycle (from one solar min to the next 
solar min ) has varied in length from nine to 14 years. Figure 1.9 presents 
the data for the Sun’s irradiance, solar flares and number of sunspots from 
1975 to 2005. The term Solar maximum (solar max ) is the period of greatest 
number of sunspots in the solar cycle of the Sun. Around the solar mjn , only 
few or even no sunspots can exist. As shown in Figure 1.9, the number of 
sunspots and the Suns irradiance are related. 

The energy produced by the Sun is =3.86 x 10 33 ergs/s or =5 x 10 23 
horsepower by nuclear fusion. The Sun consumes -7.00 x 10 8 tons of 
hydrogen each second, converting it to =6.95 x 10 8 tons of helium and 
=5.00 X 10 8 tons (3.86e 33 ergs) of energy in the form of gamma rays. As 
energy travels through the Sun (out toward the surface of the Sun) it is con¬ 
tinuously absorbed and re-emitted at lower temperatures (frequencies). By 
the time energy reaches the surface of the Sun, it is primarily a visible light. 
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Figure 1.9 Solar cycle variation of sunspots, irradiance and solar flare index. Solar flare 
index is a measure of the solar radio flux per unit frequency at a wavelength of 10.7 cm. 
The vertical scales for each quantity have been adjusted to permit over plotting on the 
same vertical axis as TSI. Temporal variations of all quantities are tightly locked in phase, 
but the degree of correlation in amplitudes is variable to some degree. (After Wikipedia, 
2017; in https://en.wikipedia.org/wiki/Solar cycle .) 
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For the last 20% of the pathway to the Suns surface, the energy is carried 
more by convection than by radiation (Nine Planets, 2017). 


Solar Irradiation Reaching the Earth 

Figure 1.10 shows the variation of the Sun’s ratio, 

Solar irradiation valueatYarioustimes 
Solar irradiation todaysvalue 


for luminosity, radius, and effective temperature versus time. This figure 
shows that with time, there has been an increase in the Sun’s radius and 
luminosity and effective temperature. 

Figure 1.11 is a temperature chart showing the annual mean surface tem¬ 
peratures, of the contiguous United States, between 1880 to 2006. The trend 
of variation of temperature over this period, calculated by the least squares 
technique, was an increase of 0.5 °C/century. Figure 1.12 superposes a 
graph showing the values for solar irradiance during the same period. 
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Figure 1.10 Variation of the (1) ratio of solar irradiation to the present day and (2) to the 
suns luminosity; and (3) the sun’s radius with time. (After Ribes, 2010.) 
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Figure 1.11 Temperature chart showing the annual mean surface temperatures in the 
contiguous United States between 1880 and 2006 (NCDC, 2007). The slope of the least- 
squares trend line for this 127-year record is 0.5 °C per century. (After Robinson et al., 
2007.) 
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Figure 1.12 Annual mean surface temperatures in the contiguous United States between 
1880 and 2006 (NCDC, 2007). The slope of the least-squares trend line for this 127-year 
record is 0.5 °C per century. (After Robinson et al, 2007.) 










22 The Evolution of Earth’s Climate 


Robinson etal. (2007) noted the percent carbon-content (carbon dioxide 
and methane) in the atmosphere does not correlate with the observed 
Earth’s surface temperatures; however, solar activity correlates very well 
with surface temperature (see Figure 1.12). This does not exclude other 
potential relationships between temperature fluctuation and other phe¬ 
nomena; however, variations in percent carbon in the atmosphere appear 
to have a negligible effect on temperature chart fluctuations. Several other 
studies have recognized a similar correlation between surface temperature, 
carbon dioxide and solar activity [Baliunas and Soon (1995); Neff et al. 
(2001); Jiang etal. (2005); andMaasch etal. (2005)]. 

Robinson et al. (2007), who prepared Figure 1.11, also discussed the 
uncertainties introduced to temperature data by limited (short) time 
records and sampling locations used by researchers, e.g., if the Arctic 
air temperature data before 1920 had not been available for Figure 1.11, 
essentially no increase in temperature would have been observed for this 
period. A problem often occurring in temperature data is the question of 
what, who and why specific data was included or rejected. In this situation, 
Robinson et al. (2007) acknowledged that the inclusion or exclusion of 
specific temperature data would show a downward rather than an upward 
trend. When researchers report findings, they need to review not only the 
source and location of the data, but also look at long periods of time, not 
just a few years. Otherwise the results of their research are possibly influ¬ 
enced by local phenomena and/or their bias. 

Variation in solar activity is not limited to just the Sun, but appears to be 
typical of other stars that are similar in size and age to ours (Baliunas et al, 
2007). It should be noted that observers have recognized warming trends 
rather than cooling trends on other planets and moons with different atmo¬ 
spheres: (1) Mars (Fenton et al, 2007); (2) Jupiter (Marcus et al, 2004); 
(3) Neptune (Hammel et al, 2006; Hammel et al, 2007); (4) Neptune’s 
moon Triton (Elliot et al, 1998): and (5) Pluto (Elliot et al, 2003; Sicardy 
et al, 2003). This warming trend on other planets may partially be the 
result of an expanding Sun (see Figure 1.10) or changes in the atmospheric 
pressure due to changes in the composition of the planet’s atmosphere. 

The variance in temperature found in the Earth’s temperature charts 
indicates a continuous reduction in the flow of energy between the Sun 
and Earth for the past 65 MY. The major source of energy that the Earth 
receives and is retained by the Earth’s surface and its atmosphere, is directly 
from the Sun. The absorbed energy from the Sun directly affects the Earth’s 
temperature. There are other sources of energy, e.g., (1) energy which flows 
from the core of the Earth, fueled by the breakdown of radioactive materi¬ 
als within the Earth’s core; and (2) energy that flows from the center of the 
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Table 1.1 Sources of Earth’s heat flow - First order climate drivers. (After 
Sorokhtin et al., 2007.) 


Source of heat. 

Estimated heat 

Percent of total 
energy 

Directly from Sun reaching Earth’s 
surface 

17500 xlO 20 ergs/s 

99.95% 

From the Earth’s core transmitted 
through crust 

4.3 X 10 20 ergs/s 

0.025% 

Generated by man 

1.34 x 10 20 ergs/s 

0.0077% 


universe and passes through our solar system. As discussed in the later 
chapters, as the constituents of the atmosphere vary, the atmospheric pres¬ 
sure varies and so does the ability of the Earth’s atmosphere to absorb heat. 
The total average solar energy flux currently reaching today’s Earth’s sur¬ 
face is S o = 1.75 x 10 24 erg/s, which is determined by the so-called solar 
constant S -1.37 kW/m 2 or 1.37 x 10 s erg/cm 2 s (Horrell, 2003). The total 
heat flux through the Earth’s surface due to energy generated within the 
Earth’s core and transmitted through the mantle and crust is estimated at 
=4.3 X 10 20 erg/s (Sorokhtin and Ushakov, 2002), which is =0.0257% of 
the total Earth’s solar irradiation. The world’s total energy production in 
the year 2003 was =1.34 x 10 20 erg/s (Key World Energy Statistics, 2004), 
which is =0.0077% of the total solar irradiation reaching the Earth. 

Table 1.1 shows that the solar irradiation is the dominant source of 
energy to the Earth’s atmosphere, continental surface and hydrosphere. 
One can estimate that solar irradiation supplies more than 99.95% of total 
energy driving Earth’s climate. Thus, heating and cooling of the atmosphere 
is primarily due to variations in insolation of the Earth (Hoyt and Schaten, 
1997). Comprehensive data on the Sun as a primary source of energy for 
the Earth’s climate are presented by Pekarek (2001). 


The Sun’s Energy 

The Sun is =4.65 BY old. Since its birth, it has used up approximately half of the 
original hydrogen stored within its core as fuel (Nine Planets, 2017). The Sun 
has sufficient fuel to continue to radiate energy peacefully for another =5 BY, 
when it will run out of hydrogen fuel. The Sun will then destroy itself and 
its associated solar system. Its luminosity has gradually increased through¬ 
out the time of its existence and the present-day energy output is about 40% 
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higher than that at the time of its formation (Gribbin, 1991). This energy 
output is expected to increase by about 15% in the future 1.5 BY. Figure 1.10 
illustrates Ribes (2010) projection for the increase in the Sun’s radius, lumi¬ 
nosity and effective temperature with respect to time. The significant fact is 
that the Sun’s energy, size and temperature are increasing with time. 

The Sun radiates electromagnetic energy throughout the entire electro¬ 
magnetic spectrum. The Earth’s atmosphere absorbs and reflects this radia¬ 
tion from the Sun (Figure 1.13). Today’s satellite technology provides the 
measurements that one needs to measure the Total Solar Irradiance (TSI) 
for the distance from the Earth to the Sun. These satellite observations 
are required to develop a quantitative climatic theory and explanation of 
changes in the Earth’s climate. The satellite data measurements have been 
available since 1978 (Wilson, 1997). In lieu of direct satellite measurements, 
one can also use variables correlated with TSI, e.g., the number of sunspots 
recorded since 1610, or solar magnetic activity (Baliunas and Saar, 1992; 
Baliunas and Soon, 1996). The Total Solar Irradiance (TSI) is cyclic, depen¬ 
dent upon the number and size of the sunspots, being strongest at the peak 
of magnetic activity (maximum number of sunspots) and varying directly 
with the intensity of Sun’s activity. Tinsley (1997) has noted that the statis¬ 
tical confidence for the correlations between the number of sunspots and 
irradiation is high. 



Figure 1.13 Absorption of suns energy by the Earth’s atmosphere. Of the 340 watts per 
square meter of solar energy that falls on the Earth, 29% is reflected into space, primarily 
by clouds, but also by other bright surfaces and the atmosphere itself. About 23% of 
incoming energy is absorbed in the atmosphere by atmospheric gases, dust, and other 
particles. The remaining 48% is absorbed at the surface. (After NASA illustration by 
Robert Simmon. Astronaut photographISS013-E-8948.) 
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As noted earlier, the energy output of the Sun is not constant and is 
related to the Sun’s size (Figure 1.10) and number of sunspots, which vary 
daily over an =11-year cycle. A historic period of very low sunspot activ¬ 
ity occurred in the latter half of the seventeenth century, referred to as 
the Maunder Minimum. It coincided with an abnormally cold period in 
northern Europe, often called the Little Ice Age (see Figure 1.6). Since the 
formation of the solar system, the Suns luminosity has increased by about 
40% (Figures 1.10 and 1.14). 

The effect of solar irradiation on global atmospheric temperature can also 
be evaluated using the adiabatic model of heat transfer within the Earths 
atmosphere. Analysis of the Suns temperature changes, attributed to varia¬ 
tions in energy and matter flux, can be made using the following formula: 
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(Eq. 1.1) 


where T h is the global atmospheric temperature at any given altitude h; T 
is the present-day global temperature at sea level, in degrees’ Kelvin (T = 
288 K); S is the total solar energy flux reaching the Earth’s surface; S o is 
the total present average solar energy flux (S = 1.75 x 10 24 erg/s); p is the 
global atmospheric pressure at the altitude h; and p o is the global average 
atmospheric pressure at sea level (p = 1 atm). 

A rough estimate of global atmospheric temperature change at sea level 
attributed to variations in the Sun’s insolation S, Eq. 1.1 can be rewritten in 
the following form: 
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(Eq. 1.2) 


Global temperature changes attributed to variations in the Earth’s inso¬ 
lation with corresponding changes in the Earth’s global temperature at sea 
level are presented in Table 1.2. As shown in this table, a 1% increase in 
current solar radiation reaching the Earth’s body translates directly into 
-0.86 °C increase in the Earth’s global temperature. This equation can also 
be utilized to determine an upper estimate for a possible atmospheric tem¬ 
perature increase due to anthropogenic activities. 

Even if the entire world energy generated by humans, estimated at 
=1.34 x 10 20 erg/s, could be utilized for only heating the Earth’s atmosphere, 
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Table 1.2 Global Temperature Changes Attributed to Variations in Earth’s 
Insolation. (After Sorokhtin et al, 2007.) 
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the corresponding atmospheric temperature increase would not exceed 
0.01 °C at sea level. If, in addition, one takes into consideration that 
changes in the global atmospheric temperature are closely correlated with 
the changes in solar activity as indicated in Figure 1.9, then the conclusion 
is that solar irradiation must be the dominant source of energy driving the 
Earth’s climate (see also Kondratiev, 1992; Hoyt and Schatten, 1997). Later 
chapters will discuss the effect of changing the composition of the Earth’s 
atmospheric and its ability to absorb energy. 

As shown in Figure 1.13, about 29% of the solar energy that arrives 
at the top of the Earth’s atmosphere is reflected into space as: (1) clouds, 
(2) atmospheric particles, (3) bright ground surfaces such as sea ice and 
snow and (4) so forth. This reflected energy plays no role in the Earth’s 
climate system. About 23% of the incoming solar energy is absorbed in the 
atmosphere by water vapor, dust, and ozone, and 48% passes through the 
atmosphere and is absorbed by the Earth’s surface. Thus, about 71% of the 
total incoming solar energy is absorbed by the Earth system (NASA, 2017). 


Energy Received by the Earth from the Sun 

Reviewing the short-term temperature chart (Figure 1.11), which presents 
the history of the annual mean surface air temperature of the contiguous 
United States between 1880 and 2006, Robinson et al. (2007) determined 
the slope of this temperature chart (Trend =0.5 °C/Century) using a least- 
squares method. This natural warming trend agrees with other surface 
temperatures observed for the United States during the past century, even 
though this data may be suspect due to the selection process of what tem¬ 
perature data should be included or excluded in its base data. However, 
Robinson et al. (2007) noted that their compiled U.S. average surface tem¬ 
peratures show an increase of =0.5 °C per century, which is consistent with 
other historical rate values found in literature of 0.4 to 0.5 °C per century 
during the similar time period from the Little Ice Age, as determined by 
Groveman and Landsburg (1979), Esper et al. (2002), Tan et al. (2004) and 
Newton et al. (2006). 
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Again, as noted earlier, the Earths atmospheric temperature is primar¬ 
ily regulated by the Sun, which fluctuates in solar activity as measured by 
(1) sunspot cycle amplitude, (2) sunspot cycle length, (3) solar equatorial 
rotation rate, (4) fraction ofpenumbral spots, (5) variations in Earths atmo¬ 
spheric composition, and (6) decay rate of the 11 -year sunspot cycle (Soon, 
2005, and Hoyt et al, 1993). Between 1900 and 2000, on absolute scales of 
solar irradiance and degrees Kelvin, solar activity increased 0.19%, whereas 
the temperature change was 0.21% (Robinson et al, 2007). It is estimated 
that the Earth’s temperature would be reduced by 0.6 °C by particulate 
blocking of the Sun’s radiation or 0.2% (Teller et al, 1997). Figure 1.12 
demonstrates that there is a close relationship between the solar activity 
and the U.S. average surface temperatures. The total solar irradiance can 
be measured by the: sunspot cycle amplitude, sunspot cycle length, solar 
equatorial rotation rate, fraction of penumbral spots, and decay rate of the 
11-year sunspot cycle (Soon, 2005; Hoyt and Schatten, 1993). 

In summary, the solar irradiance correlates well with Arctic tempera¬ 
ture charts, whereas the content of carbon in the atmosphere does not 
(Marland, 2007). Robinson et al (2007) have noted, that for particularly 
short periods of time, e.g., 100 years, uncertainties can be introduced into 
the temperature charts by limited time records and the location of temper¬ 
ature sampling. For example, the Earth’s temperature charts in Figures 1.11 
and 1.12 would look quite different if the Arctic air temperatures before 
1920 were not included. In this case, the basic temperature chart would be 
affected and one would not see an increase in temperature. 


The Paradox Reviewed 

The climatic paradox: “The Sun’s luminosity is increasing, whereas the 
Earth’s temperatures are decreasing” (Figures 1.4 vs. 1.10). 

The conclusions of the chapter defining this paradox are as follows: 

1. Temperature charts for the sediments of the Earth’s deep 
oceans show that temperatures have steadily declined =12 °C 
over the past 65 MY (Figure 1.4). 

2. Other long-term temperature charts, e.g., Figures 1.2, 1.4, 
and 1.5) also show that the Earth has been cooling over the 
last 65 MY. 

3. Shorter-term temperature charts of=1 MY show that Earth’s 
temperature has been cyclic over this period along with the 
long-term cooling shown in the 65 MY charts (Figure 1.7). 
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4. The Sun is the primary source of energy warming the Earths 
surface and its atmosphere, as reflected in Figure 1.12, illus¬ 
trating a strong relationship between the Suns irradiance 
and the Earth’s temperature. 

5. In preparation of temperature charts, to determine the 
Earth’s cooling or warming, one must use long-term tem¬ 
perature charts greater than 0.1 MY. Shorter-term charts 
do not cover a sufficient period to observe the change in 
temperature. 

6. Short-term charts of 1,000 years or less can be strongly 
affected by localized phenomena, e.g., the location and num¬ 
ber of sampling as shown in Figures 1.11 and 1.12. 

7. The irradiation of the Sun has increased since the forma¬ 
tion of the Earth and will continue to increase with time 
(Figure 1.10). 

8. The Sun’s radiation, the Earth’s atmosphere (composition 
and pressure) and the Earth’s orbital distance from the Sun 
have not remained constant over time, resulting in a varia¬ 
tion in absorbed energy. 

9. There have been changes in the Earth’s atmospheric pres¬ 
sure (due to a variation of atmospheric composition), which 
directly affect the ability of the Earth’s atmosphere to absorb 
energy. 

The original question arises: “How can the Sun be transmitting more 
energy to the Earth, and yet the Earth has been definitely cooling over the 
past 65 million years, particularly when the Sun is the primary source of 
energy to the Earth?” 

The answer is that the ability of the Earth and its atmosphere to absorb 
heat is constantly changing. The reasons why are covered in the following 
chapters. 
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Adiabatic Theory 


A process that occurs without loss or gain of heat may be defined as adia¬ 
batic. In a flow path, 1 —> 2 —> 3, p,v“ = p 2 v“ = p 3 v“ , where p. is the abso¬ 
lute pressure; v. is the specific volume (volume/unit weight); and a is the 
adiabatic exponent. Because climate (weather) occurs within the tropo¬ 
sphere, a climatic model is essentially one of the troposphere. 


Troposphere 

The troposphere is the lowest subdivision of Earth’s atmosphere, where 
nearly all weather conditions (climate) take place. Approximately 75% of 
Earth’s atmospheric mass and 99% of water vapor and aerosol mass lies 
within this layer. The thickness of this layer varies: (1) at the equator (20 km 
or 12 mi), (2) in the mid latitudes (17 km or 11 mi), and (3) at the polar 
regions in the polar regions in winter (7 km or 4.3 mi). The lowest portion 
of the troposphere, where the maximum friction between the Earth’s sur¬ 
face and atmosphere occurs, is known as the planetary boundary layer. This 
layer varies from a few hundred meters to 2 km (1.2 mi) deep depending 
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Temperature (K) 

Figure 2.1 Temperature distribution vs. elevation (altitude) in the Earth’s atmosphere. 
T is the Earth’s effective temperature; T is the average Earth’s temperature normalized 
for sea level; AT is the greenhouse effect value (T - T_); T bb is the absolute black body 
temperature at the Earth from Sun distance. (After Atmosphere of Earth, 1988.) 


on the landform and time of day. The upper level of the troposphere is 
known as the tropopause, which is the border between the troposphere 
and stratosphere. This layer is a temperature inversion layer, where the air 
temperature ceases to decrease with height and remains constant through 
its thickness (Figure 2.1). 

The Earth’s weather occurs in the troposphere. Climate reflects the 
Earth’s weather over a period of time. A model of the Earth’s climate is 
essentially a model of the troposphere. The troposphere has the following 
characteristics (see Figures 2.1 and 2.2): 

1. The boundaries of the troposphere are the Earth’s surface 
as the lower surface and an upper surface ~12 km (7 miles) 
above the Earth’s surface (see Figure 2.1). 

2. The troposphere is unique in that the movement of air is par¬ 
allel to rather than vertical to the surface of the Earth as in 
the case of all other positions (layers) of Earth’s atmosphere. 

3. The troposphere is an exclusive layer as there is little mixing 
of air between the troposphere and the upper portions of the 
atmosphere. 

4. What is often referred to as the Earth’s weather (short time 
period) or climate (longer time period) occurs within the 
troposphere. 
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Figure 2.2 Atmospheric pressure vs. elevation (calculated using Eq. 2.1 and from the 
temperature vs. elevation (altitude) in Figure 2.1.). 


5. Approximately 80% of the mass of the atmosphere lies 
within the troposphere. 

6. The troposphere pressure ranges from 1000 to 200 millibars 
(29.92 in. to 5.92 in. or 1 atm to ~0.3 atm)). 

7. The temperature generally decreases linearly with increasing 
height up to the top of the troposphere (see Figure 2.2). 

8. The temperature averages =15 °C (59 °F) near the Earth’s 
surface and = -57 °C (-71 °F) at its upper limit. 

9. Approximately 90% of heat (energy) transfer within the tro¬ 
posphere is by convection. 

10. The troposphere ends (layer) at the point where temperature 
no longer linearly varies with height. 

11. Wind velocity increases with increasing elevation up to the 
jet stream. 

12. The moisture concentration decreases with increasing 
height. 

13. The Sun’s heat that warms the Earth’s surface is transported 
upwards largely by convection and is mixed by updrafts and 
downdrafts. 

How is Heat Transferred in the Troposphere? 

The absorption of energy (heat) from the Sun and its transference within 
the Earth’s troposphere occurs by the three different processes as illustrated 
in Figure 2.3: 

1. Radiation is the transfer of heat (energy) without the involve¬ 
ment of a physical substance in the transmission. Radiation 
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Figure 2.3 Various methods of energy transfer in the troposphere. (After UCAR, 2018, 
https://www.COVCAR.edu/learn/l_l_l.htm.) 


can transmit heat through a vacuum. Energy travels from 
the Sun to the Earth by means of electromagnetic waves. The 
shorter the wavelength, the higher the quantity of energy 
associated with it. 

2. Convection is the transfer of heat by transporting groups 
of molecules from place to place within a substance. In the 
atmosphere, convection includes the large- and small-scale 
rising and sinking of air masses and smaller air parcels. These 
vertical motions of air effectively distribute heat and moisture 
throughout the atmospheric column and contribute to cloud 
and storm development (where rising motion occurs) and 
dissipation (where sinking motion occurs). Meanwhile, the 
slow rotation of the Earth toward the east causes the air to be 
deflected toward the right in the Northern Hemisphere and 
toward the left in the Southern Hemisphere. This deflection of 
the wind by the Earth’s rotation is known as the Coriolis effect. 

3. Conduction is the transfer of heat (energy) through contact 
with the neighboring molecules. Air and water are relatively 
poor conductors of energy. Since air is a poor conductor, 
most energy transfer is by conduction occurring at the 
Earth’s surface. 
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The origin of almost all of Earths energy comes from the Sun. Therefore, 
any climatic model developed, must include: (1) the energy coming from 
the Sun to the Earth, (2) energy intercepted by the atmosphere (absorption 
and reflection) and (3) energy absorbed and reemitted by the Earth’s surface. 

Modeling the Earth’s Troposphere 

The Earth’s atmosphere is an example of the dissipative system (dissipat¬ 
ing energy), as described by the nonlinear equations of mathematical 
physics. Therefore, the Earth’s atmosphere can be organized and described 
by its physical fields and formation using the process parameters-defined 
stable thermodynamic structures in space and time. For instance, it is pos¬ 
sible to examine only those physical parameters, such as, the mass of the 
atmosphere, its heat capacity, the average value of the solar radiation hit¬ 
ting the Earth as well as a strong negative feedback between the planet’s 
spherical albedo and its averaged near-surface temperature. With this set 
of parameters, the local details in the greenhouse effect description is the 
first approximation model, single-dimensioned and averaged over the 
entire Earth. 

This approach has several advantages. It enables obtaining analytical and 
unique results in the solution of global problems as well as the influence of 
the atmosphere’s composition on the total value of the greenhouse effect for 
the entire Earth. It is also possible to include within this single-dimension 
model, additional and local parameters, e.g., the latitude of a locality, the 
Earth’s revolution axis angle with the ecliptics, its precession, inflow of 
additional heat by the air flows (cyclones), the snow-cover albedo, etc. It is 
possible to construct either a 3-D or even 4-D (with the time as the fourth- 
dimension) greenhouse effect model. 

Four primary factors responsible for the climatic conditions on the 
Earth are: (1) the amount of solar radiation, (2) the composition and pres¬ 
sure of the atmosphere, (3) the heat capacity of the Earth’s atmosphere, 
and (4) the Earth’s precession angle (Sorokhtin, 1990, 2001,2006; Khilyuk 
and Chilingar, 2003, 2004; Sorokhtin et al, 2007a, b); and Chilingar et al, 
2014). 

Features of the Earth’s Atmosphere 

The total mass of the Earth’s atmosphere is =5.15 x 10 21 grams. The average 
atmospheric pressure at sea level, p o , is equal to one physical atmosphere or 
1.0132 bars (1013.2 millibars) or 760 mm mercury. At sea level the Earth’s 
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atmospheric density, r, is =1.27 x 10 3 g/cm 3 . The air pressure and density 
rapidly decline with altitude, or height above sea level, under the exponen¬ 
tial rule expressed below or as shown in Figures 2.1 and 2.2: 



(Eq. 2.1) 


where g = 981 cm/s 2 is the gravitational acceleration; fi is the average 
molecular weight of the atmospheric gas (for Earth’s atmosphere at p - p o , 
/.i = 28.97); R = 1.987 cal/deg ■ mol or 8.314 x 10 7 erg/deg ■ mol is the gas 
constant; T is the absolute temperature in degrees Kelvin; and h (cm) is the 
elevation above the sea level. 

The atmospheric nitrogen-oxygen dry-air composition is composed (by 
mass) of: 75.51% nitrogen, 23.15% oxygen, 1.28% argon, 0.046% carbon 
dioxide, 0.00125% neon and =0.0007% other gases. An important active 
greenhouse gas component of the atmosphere is the water vapor and the 
drops of water found in clouds. The total water vapor or water content 
in the atmosphere reaches the quantity of 0.12 to 0.13 x 10 20 g. This is 
equivalent to an average water layer, 25 mm thick, covering the Earth (the 
pressure equivalent of 2.5 g/cm 2 ). If we take the average annual humidity 
evaporation and the precipitation, at a pressure of =780 mm of mercury, 
then the water vapor is renewed within the troposphere about 30 times per 
year (i.e., every 12 days). 

In the stratosphere, a layer of ozone molecules absorbs a sizable por¬ 
tion of the UV solar radiation. The heat release in the formation of ozone 
molecules results in heating of the air masses at elevations of about 50 km. 
This can be seen by the temperature profile shown in Figure 2.2. The ozone 
(0 3 ) content in the atmosphere is ~ 3.1 x 1 0 1 ' g, whereas the oxygen (O,) 
content is 1.192 x 10 21 g. Ozone is mainly found in two layers of the Earth’s 
atmosphere. About 98% of the ozone resides in layers within the strato¬ 
sphere ranging from 6 to 10 miles (20 to 17 km) above sea level and extends 
to 30 miles (50 km). 

There are several transitional layers between the troposphere and strato¬ 
sphere, and between the mesosphere and thermosphere. These layers are, 
respectively, the troposphere, with temperatures of 190 to 220 K, and the 
mesosphere with temperatures of 180 to 190 K. 

The thermosphere is located above the mesosphere where the ion¬ 
ized gas glows at a temperature of 1000 K and greater. At elevations over 
1000 km the thermosphere gradually transforms into the exosphere and 
above this, into the outer space. 
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There are several significant differences within the atmosphere between 
the troposphere and those layers above it. In the layers of atmosphere above 
the troposphere, air flows vertically, away from the Earth, rather than hori¬ 
zontally as in the troposphere where it tends to flow in spirals and parallel 
to the Earth’s surface. One reason for this parallel-spiral flow pattern is the 
friction between the Earth’s surface and atmosphere; as the Earth spins on 
its axis, it pulls the atmosphere along with it. Another reason is the Coriolis 
effect, a result of the rotation of the Earth. The daily turbulence of this 
zone of air flow in the troposphere is what is referred to as weather, or on 
a long-term basis, climate. Due to the difference in air flow in the tropo¬ 
sphere as compared to the upper portions of the atmosphere, the average 
temperature distribution in the Earth’s troposphere is radically different 
from its distribution in the stratosphere, mesosphere, and thermosphere. 
Temperature distribution is almost linear in the troposphere, whereas, as 
shown in Figure 2.2, in the upper layers of the atmosphere it is very non¬ 
linear, with a characteristic maximum at the elevations of about 50 km and 
the temperature growth above 90 km above the sea level. The tempera¬ 
ture in the stratosphere and mesosphere is mostly determined by the heat 
release in the oxygen dissociation process and the radiation mechanism of 
heat transfer, whereas the temperature distribution in the troposphere is 
determined by different processes. The most important of these processes 
is the convective heat release from the denser tropospheric layer into the 
stratosphere, where it then is lost as it radiates out toward the outer space. 


Development of an Adiabatic Equation 

Premise of the Adiabatic Theory 

The Earth’s troposphere is a relatively dense atmosphere with pressures 
ranging from 0.3 to 1 atm. For this reason, energy (heat) transfer in this 
lowermost layer of the atmosphere occurs mostly due to air-mass con¬ 
vection (Sorokhtin, 2001) and not just to radiation as often believed by 
the proponents of the classic greenhouse effect. A dense atmosphere, with 
an air pressure greater than p > 0.2 atm, will be dominated by the heat 
transfer in airflows by the mechanism of convection of air mass exchange. 
In this process of air-mass exchange, warmer masses of air expand and 
rise whereas the cooler air-masses contract and descend. Radiation heat 
exchange is dominant only in the higher layers of the atmosphere, e.g., 
stratosphere, mesosphere and thermosphere layers. Thus, the average 
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temperature distribution within the troposphere, T, must be close to an 
adiabatic distribution: 


T = Cp a , 


(Eq. 2.2) 


where, a is the adiabatic exponent, dependent only on the heat absorp¬ 
tion capacity of the mixture of atmospheric gases. This does not mean that 
any specific temperature distribution, at a specific moment in time, must 
necessarily be entirely adiabatic. What is meant is that the average distribu¬ 
tion, within time intervals, e.g., over a period of time, is adiabatic. 

The Earth’s illumination (by a flow of energy from the Sun) can be 
described by the temperature of an absolute-black-body, T bb . This tempera¬ 
ture maybe determined by the Boltzmann’s equation: 


T = 
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(Eq. 2.3) 


where S = 1.367 xlO 6 erg/cm 2 -s representing the solar constant or 
the incoming flow of solar energy; the Stefan-Boltzmann constant is 
o = 5.67 x 10 5 erg/cm 2 ■ s ■ deg. Part of the solar radiation, at a radiation 
temperature, T , is reflected from the Earth and is lost to the outer space: 
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(Eq. 2.4) 


where A is the planet’s reflectivity or albedo (for the Earth, A = 0.3). In 
this case at = 0, the Earth’s radiation temperature, T = 206 K, where 
only part of the solar energy reaches the Earth, it has an effective tempera¬ 
ture, T: 
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(Eq. 2.5) 


For Earth, T e ~ 255K. 

The temperature determined by Eq. 2.4 is sometimes called the radia¬ 
tion temperature, T , because it describes a planet’s radiation as it is seen 
from the outer space (although that is not totally accurate). 
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The greenhouse effect, AT, is the difference between the planet’s average 
surface temperature, T; and its effective temperature, T: 

AT = T - T. (Eq. 2.6) 

The average temperature of the entire Earth is approximately 288 K or 
15 °C, and its effective temperature according to Eq. 2.5, at t//; = 0, is T = 
255 K or -18 °C. Thus, the classical greenhouse effect value for the Earth 
is +33 °C. 


Development of the Adiabatic Equation 


In the troposphere, where the atmospheric pressure is more than 0.2 atm, 
the dominating type of heat transfer is by mass air flow through a convec¬ 
tive mass exchange where the warmer air expands and rises and the colder 
air contracts and drops (Figure 2.3). Radiation heat transfer dominates only 
in the upper layers of the atmosphere, above the troposphere, where there is 
lower pressure (p > 0.1 atm) and where the molecules are further apart, e.g., 
in the stratosphere, mesosphere, and thermosphere. This suggests that the 
average temperature distribution in the troposphere must be close to adia¬ 
batic distribution. If no or little outside energy is added to the troposphere, 
then following the gas law, little energy either enters or leaves the troposphere: 


Ml 
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= constant, 


(Eq. 2.7) 


where there is no change in the volume of the gas, the adiabatic tempera¬ 
ture distribution is controlled by the atmospheric pressure, p and by the 
effective heat capacity of the air (Landau and Lifshitz, 1979): 

T y p {1 - y) = consant, (Eq. 2.8) 

and 
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(Eq. 2.9) 


where c p and c v are the gas heat capacities respectively at constant pressure 
and constant volume. T and p may be determined by the formula: 


T = Cp a , 


(Eq. 2.2) 
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where 


a = 

fr-^ 

and 
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(Eq. 2.10) 


Eq. 2.10 shows that under the adiabatic process, the gas temperature, T, 
is always proportionate with the gas pressure, p, to a power of the adiabatic 
exponent, a, which depends on the effective heat capacity of the gas mix¬ 
ture, atm. For all triatomic gases, e.g., C0 2 andH 2 0, y- 1.3 anda o = 0.2308, 
and for the biatomic gases, e.g., N 2 and 0 2 , y- 1.4. For dry air, without con¬ 
sideration of absorption of the Earth’s heat (IR) radiation, a = 0.2857. 

Water vapor in the atmosphere generates the cloud cover which is a 
primary factor in determining the Earth’s reflectance, A. Earth’s reflectiv¬ 
ity (albedo), A. The albedo creates a strong negative feedback between the 
near-Earth temperature, T, and the absolutely-black-body temperature, 
T bb , which describes the solar irradiation intensity of Earth, S, at its dis¬ 
tance from the Sun. Any increase in near-Earth temperature increases 
both the evaporation of moisture on the Earth which also adjusts Earth’s 
cloud cover. Changes in the cloud cover will alter the Earth’s albedo and 
reflectivity of the atmosphere. The result is a change in the reflection of the 
Sun’s energy by atmospheric clouds to outer space and thus a change in 
the flow of energy to the Earth’s atmosphere and surface. Because of this, 
the average temperature of the Earth’s surface declines to its previous level. 
Any deep negative feedback in this system results in a linear correlation 
between the reaction of the system’s output and the action at its input. This 
property of a system, with a negative feedback, is universal and manifests 
itself regardless of the system’s nature, whether it is a planet’s atmosphere, 
electron amplifier or Watt’s centrifugal control in a steam engine. 

For this reason, the near-surface temperature is always proportional to 
the effective temperature value, T e (Figure 2.4). 

The following conclusion can be made from this under the classic ver¬ 
sion of the theory, the near-surface temperature, T, and the temperature, T, 
in general at any level within the troposphere, are proportionate to the effec¬ 
tive temperature of a revolving body, T, at the distance from the Earth to the 
Sun. The effective temperature, T depends on the solar radiation intensity, 
solar constant (S), and is proportional to the atmospheric pressure, p, raised 
to the power of adiabatic exponent, a. The adiabatic exponent depends on 
the composition of the atmosphere and its heat absorbing capacity: 
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(Eq. 2.11) 
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Figure 2.4 Flow diagram of the temperature transformation in the troposphere. T bb is the 
absolutely black body temperature, K, at the distance of the Earth from the Sun; T is the 
effective Earth’s temperature, K; T is the near-Earth temperature, K; p s is the atmospheric 
pressure; p o pressure unit; b is the scaling factor; a is the adiabatic exponent; c p is the air 
heat absorbing capacity at constant pressure; c is the air heat capacity at constant volume; 
R is the gas constant; m is the molar weight of the air gas mixture. 


where, p is the tropospheres atmospheric pressure; p o is the pressure unit, 
for instance, p o = 1 atm; a is the adiabatic exponent: 


(y- 1) 

a =- 

y 


(Eq. 2.10) 


and 


r 



(Eq. 2.9) 


where c p and c y , represent the specific heat of the air mixture at constant 
pressure and volume, respectively; b is the scale coefficient presented in 
Eq. 2.11 is equal to as: 
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(Eq. 2.12) 


If the specific heat, c , is expressed in cal/g ■ deg and the gas constant 
R= 1.987 cal/mol • deg, the adiabatic exponent, a, is a function of the 
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atmospheric composition and humidity and can be determined using the 
following formulas: 


R 

M c p +C w +C ,-) 


(Eq. 2.13) 


and 


i{pN 1 C p ( N 2^ + {Po 2 C P ( < 0 2)} + {PcO, C P ( < C0 2)}+{pAr C p( Ar ^ 


C0 2 p ' 


Ar p v 


(Eq. 2.14) 


where the gas constant, R = 1.987 cal/mol • deg; p is the molar weight of the 
atmospheric air mixture (for Earth ji ~ 29); p N ■ - 0.7551; p 0 = 0.2315; 
p COi = 0.00046; andp Ar = 0.0128 atm are the partial pressures of, respec¬ 
tively, nitrogen, oxygen, carbon dioxide, and argon (Voitkevich and 
Kokin, 1990); p ~ 1 atm is the summation of all the gas components in 
the atmosphere that were included in the calculation; c (N,) = 0.248; 
c p (0 2 ) = 0.218; c p (C0 2 ) = 0.197; c p (Ar) = 0.124 cal/g ■ deg are the heat 
absorbing capacities of nitrogen, oxygen, carbon dioxide, and argon at 
constant pressure (Khodakovsky, 1971). C w + C. are the adjustment fac¬ 
tors considering the total heating effect of moisture condensation C w (in a 
humid atmosphere) and of absorbing the radiation heat from the Sun to 
the Earth C . Thus: 


C w +C r = — -c (Eq. 2.15) 

/j,a 

The best match of the theoretical temperature distribution in the 
Earth’s troposphere with averaged empirical data occurs at a = 0.1905. 
For the dry Earth’s atmosphere air mixture, c = 0.2394 cal/g-deg. Thus, 
for a humid, IR-absorbing air of a real but averaged troposphere with 
the temperature gradient of 6.5 deg/km may be found by use of Eq. 2.15, 
C w + C. = 0.1203 cal/g ■ deg K. For planets of a different atmosphere, these 
examples should be understood as a description of any thermophysical or 
chemical processes resulting in the heat release or absorption (C w + C < 0) 
within the troposphere. 

To determine the characteristic temperature of a planet, one needs to 
determine the coefficients C and C: 
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Figure 2.5 Balance of heat transfer in the Earth’s troposphere. The loss with convective 
movements of air mass is 69%, moisture condensation adds another 25% and only 8% is 
the fraction of the radiation heat transfer. (After Sorokhtin et al, 2011.) 


and 




(Eq. 2.16) 




(Eq. 2.17) 


Inserting into Eqs. 2.16 and 2.17, the Earth’s atmosphere param¬ 
eter values are: a = 0.1905, = 29, c =0.2394 cal/g • deg, T =288.2 K, 

T e = 255 K, and R = 1.987 cal/mole • deg one obtains C = 0.0412 cal/g • deg 
and C w + C = 0.1203 cal/g ■ deg. Thus, one arrives at the same values as when 
determining these parameters from Eq. 2.15. This shows that a direct heat 
transfer by Earths surface to the air mass participating in the tropospheric 
convective mass exchange reaches approximately 67%. The radiation com¬ 
ponent adds 8% to convective heat transfer and the heat release due to mois¬ 
ture condensation within the troposphere adds 25% more (see Figure 2.5). 


Earth’s Troposphere Model 

A simplified equation for the tropospheric temperature, T, can be deter¬ 
mined if one assumes: (1) T = 288.2 K; (2) the scaling factor as determined 
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Figure 2.6 Temperature distribution in Earth’s troposphere and stratosphere (Curve 4) 
and in the Venus troposphere (Curve 2 at 30° latitude and Curve 1 at 75° latitude) 
compared to theoretical temperature distributions (Curves 5 and 3) plotted in compliance 
with the greenhouse effect adiabatic theory, Eq. 2.25. 


by Eq. 2.12 for the following conditions: (y/ = 23.44°, T_ = 263.6 K, 
T = 288.2 K, and at y/ = 0°; T =255 K, T; = 278.6 K); and (3) for the Earth 
a range of precession angles, ba = 1.093: 


T = 288.2 


( „ V 

Pt_ 

\Po J 


(Eq. 2.18) 


At y/ = 23.44 °C, the best fit of the theoretical temperature, T, dis¬ 
tribution in the troposphere and the averaged empirical data occurs at 
a = 0.1905 (see Figure 2.6). 

Effect of Precession Angle 

By definition, the greenhouse effect, AT, is the difference between the plan¬ 
et’s average surface temperature, T, and its effective temperature T e : 

AT = T - T (Eq. 2.19) 

Average temperature for the entire Earth’s surface is approximately 
288 K or 15 °C. Its effective temperature at yj = 0 is T = 255 K or -18 °C. 
Thus, the present-day value of the greenhouse effect for the Earth is 33 °C. 
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If we consider that the present-day Earth’s precession angle is y/ = 23.44°, 
then the effective temperature of the Earth turns out to be T = 263.49 K 
(Sorokhtin, 2006). 

The adiabatic model allows one to estimate the effect of the so-called 
greenhouse gases on the temperature regimes of the Earth’s troposphere and 
the greenhouse effect. For asymptotic estimates, the writers assumed that 
the nitrogen-oxygen Earth’s atmosphere was completely replaced first by 
carbon dioxide and, then, by methane, using the same atmospheric pres¬ 
sure, p s = 1 atm orl.0 1 324 x 10 2 KPa. The adiabatic exponent was deter¬ 
mined from Eq. 2.14 at p co =44, andc = 0.197cal/g • °C, p CH =16, and 
c y = 0.528 cal/gm ■ °C, thus, a co ^ = 0.1423 and a CHt = 0.1915. Substituting 
these adiabatic, a, values into Eq. 2.13 with the same b factor value of 1.597, 
one can construct the temperature distribution for the hypothetical carbon 
dioxide and methane atmospheres. The corresponding near-surface tem¬ 
perature of the hypothetical carbon dioxide atmosphere would be 281.5 K, 
(6.4 °C) lower than that at the nitrogen-oxygen composition of the atmo¬ 
sphere, and for the methane atmosphere it will be 288.1 K, which is just 
0.1 °C above the usual average Earth’s temperature of 288 K. Thus, as the 
carbon dioxide atmosphere is denser and one, conversely lighter, the same 
pressures in these atmospheres will be attained at different elevations than 
those in the nitrogen-oxygen atmosphere: 
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(Eq. 2.20) 


and 
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^n 2 +o 2 
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(Eq. 2.21) 


where p N 0 (-28.9) is the molar weight of the nitrogen-oxygen atmo¬ 
sphere, and p C02 (= 44) and p CHt (=16) are the molecular weights of carbon 
dioxide and methane, respectively. The constructed temperature distribu¬ 
tions within the hypothetical totally carbon dioxide and totally methane 
atmospheres are shown in Figure 2.7 together with the already presented 
the existing nitrogen-oxygen temperature distribution in the Earth’s atmo¬ 
sphere (Figure 2.6). 

Thus, for the hypothetical carbon-dioxide atmosphere with the same 
near-surface pressure of 1 atm, the average Earth’s surface temperature 
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Temperature, K 


Figure 2.7 Averaged temperature distributions in the Earth’s troposphere using Eq. 2.25: 
Curve 1 - Earth’s troposphere with a nitrogen-oxygen atmosphere; Curve 2 - Earth’s 
atmosphere composed totally of carbon dioxide; and Curve 3 - Earth’s atmosphere 
composed totally of methane. (After Chilingar et al., 2009, p. 1210, figure 2.) 


declines by approximately 6.5 °C (and not increasing significantly as com¬ 
monly believed). Besides, due to a higher molecular weight of carbon diox¬ 
ide, temperature within the entire thickness of such a troposphere is always 
lower than in a nitrogen-oxygen troposphere. 

For a hypothetical methane atmosphere, the near-surface temperature at 
sealevelremainsalmostunchanged,because « N2+ o 2 = 0.1905 ~ a CH< = 0.195. 
At the same time, in the troposphere it is higher than that for the nitrogen- 
oxygen atmosphere, because ^i CH4 (= 16) < jU N 0 (=28.9), the methane 
atmosphere is much thicker than the nitrogen-oxygen one. That is why 
in the mountainous areas, surface temperature may significantly increase 
under such an atmosphere. 

Similarly, on substituting a hypothetical nitrogen-oxygen for a car¬ 
bon-dioxide Venetian atmosphere, at the same pressure of 90.9 atm, the 
Venetian surface temperature will rise from 735 to 795 K (462 to 522 °C; 
see Figure 2.7). 

These estimates show that saturation of the atmosphere with carbon 
dioxide, with all other conditions being equal, results not in an increase, 
but rather a decrease of the greenhouse effect and the average temperature 
within the entire layer of the planet’s troposphere. This happens despite 
intense absorption of the heat of radiation by CO r The physical explanation 
of this phenomenon is clear: molecular weight of carbon dioxide is 1.5 times 
higher and its heat-absorbing capacity is 1.2 times lower than those of the 
Earth’s air. As a result (see Eqs. 2.14 and 2.18), the adiabatic exponent, for 
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a carbon dioxide atmosphere, at the same conditions, is about 1.34 times 
lower than that for a nitrogen-oxygen humid air: a Ni+0i = 0.1905. 

From the thermodynamic viewpoint, the explanation of this phenome¬ 
non lies in the fact that the heat release from the troposphere occurs mostly 
due to air mass convection, which is a much more efficient mechanism, 
where the gas molecules are closer together, than the heat transfer by radia¬ 
tion. After the greenhouse gases absorb the heat of radiation, the energy of 
this radiation is converted into energy of thermal oscillations of gas mol¬ 
ecules. This, in turn, leads to the expansion of the gas mixture and its rapid 
rise toward the stratosphere, where due to the rarffied nature of the strato¬ 
sphere, the excess heat is radiated into space. 

Therefore, in a troposphere with an elevated carbon dioxide content the 
convection of the atmospheric gases will substantially accelerate. 

Under the classic version of the greenhouse effect theory, the solar con¬ 
stant in Eqs. 2.3 and 2.5 are divided by four as the Sun-illuminated disk 
is four times smaller than the total surface of the revolving Earth. Strictly 
speaking, such action is valid only if the planet’s revolution axis is perpen¬ 
dicular to the plane of the ecliptics, that is, if the precession angle y/ = 0. 
The precession angle, y, is the angle between the planet’s revolution axis 
and the perpendicular to the ecliptics plane. 

Examining an extreme situation of a planet lying on its side, its revolu¬ 
tion axis is in the plane of the ecliptics and directed toward the Sun. The 
total area of the illuminated Earth is then somewhat lower than the vis¬ 
ible Earth’s circle, whereas when its revolution axis is perpendicular to the 
direction toward the Sun, the total planet’s area is again four times the area 
of its illuminated circle. The determination of the effective temperature for 
the solar constant in Eq. 2.5 must be divided not by four, but by a value N 
where 4 > N > 2. For intermediate cases, with the Earth’s revolution axis 
inclined to the ecliptics, it is necessary to consider the proportionality of 
these two extreme cases to the inclination angle and its complement (for 
today’s Earth, N ~ 3.5). 

The Earth’s equator is presently inclined to its orbital ecliptic at the angle 
i// = 23.44°. Therefore, the areas beyond the polar circle are illuminated by 
the Sun on the average half a year and are devoid of the solar light during 
another half. While one near-polar area is illuminated by the Sun, another 
one is in the dark. Because of this, while calculating the average annual 
effective temperature for the polar areas, one should divide the solar con¬ 
stant by four, not by two. Taking sphericity of the Sun-illuminated polar 
area into account, the divisor should be 2 (S s /S e ), where S s is the Earth’s 
near-polar area beyond the polar circle and S o is the areal extent of the 
near-polar area projection onto the planet’s equatorial plane: 
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(Eq. 2.22) 


For the other areas of the Earth’s regularly illuminated by the Sun, the 
Eqs. 2.3,2.5 and 2.10 are valid. The Earth’s effective temperature, T , can be 
determined using the following equation (Sorokhtin, 2006): 
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(Eq. 2.23) 


Because the current precession angle of the Earth is ip = 23.44°, the fac¬ 
tor in the denominator of Eq. 2.23 is: 
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For an Earth’s albedo, A = 0.3, the effective temperature as calculated by 
Eq. 2.23 is T = 263.6 K. The tropospheric temperature, including the surface 
temperature, maybe expressed through the planet’s effective temperature: 
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Empirically, the average near-surface Earth temperature at a pressure 
of p =p o = 1 atm and /// = 23.44° is approximately 288 K or +15 °C (The 
Atmosphere, 1988; Reference Book, 1951). 
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Using today’s values for the Earth, e.g., the present-day precession angle 
at T 7 = 23.44°, A ~ 0.3, a = 0.1905 and the near-surface pressure at the sea 
level p s = 1 atm, the proportionality coefficient, b, as defined by Eq. 2.10, 
can be determined based on a condition that the present day average 
Earth’s surface temperature is 288 K or +15 °C (Bachinsky et al, 1951). 
Then b = 1.597 and for the oxygen--nitrogen atmosphere b a = 1.093. 
At a constant albedo, A, but a different composition of the atmosphere, 
b, (coefficient value for Earth) remains the same, whereas b a will change 
depending on the value of the adiabatic exponent a describing the atmo¬ 
sphere composition. 

Table 2.1 was developed using Eq. 2.25, the equation used for estimat¬ 
ing Earth’s troposphere temperature distribution, T, based on a pressure 
set taken from the standard atmosphere model (Bachinsky et al, 1951). 
These results were based on the present-day precession angle T / = 23.44°, 
assuming p s =p a = 1 atm as shown in Figure 2.6. Table 2.1 shows that the 
estimates for the Earth agree with the temperature distribution in the tro¬ 
pospheric model of the standard Earth atmosphere within an accuracy of 
about 0.1%. The standard Earth atmospheric model in its substance is aver¬ 
aged over the entire Earth based upon correlation of the temperature and 
pressure vs. the elevation above the sea level. This tropospheric model with 
the gradient of 6.6 K/km is customarily used for tuning aviation altimeters 
and calibrating barometers intended for surface observations. 


Application of Adiabatic Equation to the Planet Venus 

A more rigid check of the Eq. 2.25 is its application to another planet, 
Venus. The estimation of temperature distribution for Venus’s troposphere 
of a different atmosphere of dense carbon gases is based on actual measure¬ 
ments of its atmospheric pressure and composition. The temperature for 
the Venus troposphere was measured by using satellites. Two sets of data 
are available for this study: (1) the one presented in Planet Venus (1989): 
p s = 90.9 atm and T = 735.3 K; and (2) data presented by Marov (1986): 
p s = 95 atm, T = 740 K, S = 2.62 x 10 6 erg/cm 2 ■ s, A = 0.77 and Y ~ 3°. It 
was assumed that A = 0.76 and Y ~ 3.18°. Using a similar technique for 
Venus as was done for the Earth, the best fit of the theoretical tempera¬ 
ture distribution with its empirical values occurs at the adiabatic expo¬ 
nent a = 0.1786 and ba factor of 1.429 (b = 7.37). For Venus, c = 0.2015 
cal/g ■ °C, T = 735.3 K and T_ = 230.5 K. Then, C. = 0.1756 cal/gm ■ °C, 
C = 0.1213 S cal/g °C and C = (C + C ) = 0.0543 cal/g ■ °C. The C 
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Table 2.1 Temperature distribution in the Earth’s troposphere and tropopause 
based\upon the Earth’s standard atmosphere. 


Standard atmospheric model 
(Bachinsky, 1951) 


Theoretical estimate 
(Eq. 2.25) 

h, km 

p, mm 

Hg 

T,°C 

t,k 


p, atm 

t,k 

T,°C 

0.0 

700.00 

15.00 

288.00 


1.00 

288.00 

15.00 

0.5 

716.01 

11.75 

284.75 


0.9421 

284.75 

11.77 

1.0 

67411 

8.50 

281.50 


0.8870 

281.50 

8.50 

1.5 

634.21 

5.25 

278.25 


0.8345 

278.24 

5.24 

2.0 

596.26 

2.00 

275.00 


0.7846 

275.00 

2.00 

2.5 

560.16 

-1.25 

271.75 


0.7371 

271.74 

-126 

3.0 

525.87 

-4.50 

268.50 


0.6919 

268.49 

-431 

3.5 

493.30 

-7.75 

265.25 


0.6491 

265.24 

-7.76 

4.0 

462.40 

-11.00 

262.00 


0.6084 

262.00 

-11.00 

4.5 

433.10 

-14.25 

258.75 

J-h 

<U 

0.3699 

285.75 

-14.25 

5.0 

405.33 

-17.50 

255.50 

0.3333 

255.49 

-17.51 

5.5 

379.04 

-20.75 

252.25 

Oh 

C/5 

o 

0.4987 

252.25 

-20.75 

6.0 

354.16 

-2400 

249.00 

Oh 

O 

£ 

0.4660 

249.01 

-23.99 

6.5 

330.72 

-27.25 

245.75 


0.4345 

245.71 

-27.29 

7.0 

308.52 

-30.50 

242.50 


0.4059 

242.55 

-30.45 

7.5 

287.55 

-33.75 

239.25 


0.3784 

239.33 

-33.67 

8.0 

267.79 

-37.00 

236.00 


0.3524 

236.10 

-36.90 

8.5 

240.16 

-40.25 

232.75 


0.3278 

232.87 

-40.13 

9.0 

231.62 

-43.50 

229.50 


0.3048 

229.67 

-13.33 

9.5 

215.09 

-46.75 

226.25 


0.2830 

226.44 

-46.56 

10.0 

199.60 

-50.00 

223.00 


0.2626 

223.24 

-19.75 

10.5 

185.01 

-53.25 

219.75 


0.2434 

220.03 

-52.97 

11.0 

171.34 

-56.50 

216.50 


0.2254 

216.84 

-56.16 

11.5 

160.11 

-56.50 

216.50 

Trop o-pause 

0.2107 

214.07 

-58.93 

12.0 

MOM 

-56.50 

216.50 


0.1969 

211.32 

-61.68 
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Table 2.2 Venus troposphere: empirical temperature and the temperature esti¬ 
mated from Eq. 2.25. 


Empirical data from Planet Venus, 1989 

Theoretical calculated 
data, Eq. 2.25 

h, km 

t,k 

p, bar 

t,k 

p, bar 

ft,km 

p, atm 

T, K 

0 

735.3 

92.10 



0 

90.92 

736.9 

1 

727.7 

86.45 



1 

85.34 

728.6 

2 

720.2 

81.09 



2 

80.05 

720.3 

3 

712.4 

76.01 



3 

75.03 

712.1 

4 

704.6 

71.20 



4 

70.29 

703.8 

5 

696.8 

66.65 



5 

65.79 

695.5 

6 

688 8 

62.35 



6 

61.55 

687.3 

7 

681.1 

58.28 



7 

57.53 

679.1 

8 

673.6 

54.44 



8 

53.74 

670.9 

9 

665 8 

50.81 



9 

50.16 

662.7 

10 

658.2 

47.39 



10 

46.78 

654.4 

12 

643.2 

41.12 



12 

40.59 

638 1 

14 

628 1 

35.57 



14 

35.11 

621 8 

16 

613.3 

30.66 



16 

30.27 

605.5 

18 

<97.1 

26.33 



18 

25.99 

589.2 

20 

580.7 

22.52 



20 

22.23 

573 

22 

564.3 

19.17 




18.92 

556.8 

24 

547.5 

16.25 



24 

16.04 

540.6 

26 

530.7 

13.70 



26 

13.32 

524.3 

28 

513.8 

11.49 



28 

11.34 

508.1 

30 

496.9 

9.581 



30 

9.458 

491.9 

Measurement latitude 0-30” 

Meas. latitude. 75’ 

Theoretical estimate 

33 

471.7 

7.211 

471.7 

7.211 

33 

7.118 

467.6 

36 

448.0 

5.346 

4465 

5.345 

36 

5.277 

443.2 

39 

425.1 

3.903 

420 5 

3.894 

39 

3.848 

418.9 

42 

403.5 

2.802 

394.5 

2.78 

42 

2.755 

394.6 

45 

385.4 

1.979 

368.7 

1.941 

45 

1.935 

370.5 

48 

366.4 

1.375 

3433 

1.321 

48 

1.331 

346.6 

51 

342.0 

0.9347 

318.5 

0.8741 

51 

0.8905 

322.6 

54 

312.8 

0.6160 

290.0 

0.3582 

54 

0.5796 

298.7 

57 

282.5 

0.3891 

258.2 

0.3392 

57 

0.3595 

274.3 

60 

262.8 

0.2357 

2373 

0.1918 

60 

0.2125 

249.7 
















































50 The Evolution of Earth’s Climate 


parameter determines the absorption of the planet’s heat radiation by atmo¬ 
sphere. Its relatively elevated temperature value is due to a high atmo¬ 
spheric pressure and very hot troposphere. One can assume C w < 0 for the 
Venus troposphere where endothermic reactions predominate, especially 
in its lower and middle layers. There is dissociation of some chemical com¬ 
pounds, for instance, dissociation of the sulfuric acid into SO, and water: 
H 2 S0 4 +Q —> SOj +H 2 0, where Q «15 kcal/mol. For the upper layer of 
the Venetian troposphere at the elevations between 40 and 60 km, C w > 0. 
Therefore, the exothermic chemical reactions, e.g., the reduction of sulfu¬ 
ric acid, and condensation of water vapor in the clouds prevail. The best 
match of the theoretical curve with empirical data occurred at a = 0.1786, 
coefficient b = 7.372 and b a = 1.429. 

Again, a check was conducted using Eq. 2.25. The data from the check 
is included in Table 2.2 and is shown in Figure 2.6. As shown in Table 2.2, 
the theoretical temperature distribution in the Venus atmosphere shows 
a good match with the experimental measurements as quoted in Planet 
Venus (1989). Up to an elevation of 40 km, the accuracy is in fractions 
of a percentage point, whereas at the elevations between 40 and 60 km, 
theoretical temperatures are positioned between two series of empirical 
data. At higher elevations, p < 0.2 atm, the tropopause begins in the Venus 
atmosphere, and the adiabatic theory no longer applies as convection is no 
longer the primary transfer of heat. 

It should not be considered accidental that a match of the derived tem¬ 
perature distributions is found for the troposphere’s of the Earth and Venus. 
This is a solid confirmation of the validity of Eq. 2.25. This equation may be 
used for determination of the Earth’s climates in the past geologic epochs 
and their forecast for the future. However, for this purpose it is necessary to 
review the evolution of the Earth’s atmospheric composition and pressure 
of the atmospheric gases in the following chapters. 
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3 

The Earth’s Synoptic Activities 


The term synoptic activity (scale) refers to large-scale processes that have a 
horizontal length scale on the order of 1000 kilometers (about 620 miles) 
or more. This corresponds to a horizontal scale typically found in mid¬ 
latitude atmospheric depressions, e.g., extratropical cyclones. Most high 
and low meteorological areas seen on weather maps, such as surface 
weather analyses, are synoptic-scale systems, driven by air pressure in their 
respective hemisphere. The word synoptic is derived from the Greek word 
ouvotttlkoc;, synoptikos, meaning seen together. 


Greenhouse Effect Adiabatic Theory 

The greenhouse effect adiabatic theory referred to in Chapter 2 can be 
defined as a unidimensional model. The planet would be represented as 
a dimensionless point and the only dimension is the elevation, h, above 
this point (sea level). Such a model is an accurate determination of the 
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global tropospheric parameters, such as its: (1) greenhouse effect (average 
surface temperature), (2) average value of the radiation or (3) humidity- 
condensational component of the tropospheric heat release. 

Lambert’s law can be used to describe the illumination of a sphere and 
converted into a multi-dimensional model. Addition of the longitudi¬ 
nal component and the seasonal fluctuations of the planet’s illumination 
converts this model into a three-dimensional model. A four-dimensional 
model is created if one adds time. These additions, however, could decrease 
the model’s accuracy in expressing the greenhouse effect correlation with 
the composition of the planetary atmosphere. 

Around 1729, Lambert stated that the absorbance of a material is directly 
proportional to the thickness (path length) it passes through. In 1852, Beer 
recognized another attribute of this formula, that the absorbance is pro¬ 
portional to the concentrations of the attenuating species. Today, the Beer- 
Lambert law combines the two laws and correlates absorbance to both the 
concentrations of the attenuating species as well as the thickness of the 
material sample. This law is often referred to as Lambert’s Law. 

Lambert’s Law can be stated as, the absorbance of light is directly pro¬ 
portional to the thickness of the media through which that light is being 
transmitted, multiplied by the concentration of absorbing chromophore: 

A = ebc (Eq. 3.1) 

where A is the absorbance, e is the molar extinction coefficient, b is the 
thickness of the solution, and c is the concentration. This law tends to 
break down at higher concentrations, because at higher concentrations, 
the molecules are closer to each other and begin to interact with each 
other. This interaction between the molecules alters several properties of 
the molecules, thus changing the attenuation. In the case of intense radia¬ 
tion, nonlinear optical processes can cause variance. Lambert’s law can be 
further modified to include the latitude, y/, which controls the concentra¬ 
tion of the incoming light. 


Model of Heat Transfer in the Troposphere 

It is fundamental to recognize that most heat within the troposphere is 
exchanged by convection and not radiation (see Chapter 2). Lambert’s law 
enables us to model the transfer of heat in the atmosphere. Included in the 
proposed model is the latitude, cp. The physical definition of the temperature 
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of an absolutely-black-body must be replaced by the concept of temperature 
ior a gray-body, T gb : 


5 

T gb=— COS( P (Eq. 3.2) 

where tp is the locations latitude. 

Considering the convective heat transfer in the Earth’s troposphere, the 
Earth-imitating gray-body temperature may be expressed as follows: 
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(Eq. 3.3) 


where Q is the rate of heat transfer by the air masses (erg/cm 2 ■ s), e.g., 
cyclones. The tropospheric temperature, accounting for consideration of 
the Sun and the Earth’s precession, under the accepted approximation as 
determined in Chapter 2 will be: 


T = b° 


S(l-A) 


n 


-v 


+ 4 


n 

2 


n 

V2J 


1-cosy/ 

(siny/) 2 


Q 

-cosy? + — 

<7 


f \ a 

P 


\Po J 

(Eq. 2.25) 


where <p, r =(l-y /8) is the effective latitude of the location, in consider¬ 
ation of the fact that the Earth’s polar areas are illuminated by the Sun 
only half a year and are in the dark the other half; S is the delta function 
(d = 1 in summer for a given hemisphere, whereas S = 0 in the winter for 
the same hemisphere). Determination of the average annual values is jy/ 
S = Vi. 

Eq. 2.26 enables the determination of a latitudinal zoning of the near¬ 
surface temperatures, T. If, however, a latitudinal distribution of empiri¬ 
cally measured average annual temperature is available, then it is possible 
to determine the average specific rate of heat input for an air mass, Q , at 
a given latitude! 
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Figure 3.1 Near-surface average air temperature versus latitude. Solid lines, after 
Khromova and Petrosyants (2001). Curve 1 - January; Curve 2 - July; and Curve 3 - 
annual average temperatures. Dashed lines (Antarctic data) are average temperatures 
(obtained from “The Atlas of Antarctic”, 1966), for the ice cover dome at the Antarctic 
pole (80 °S). This data was from well observations in 1964 of the annual average 
temperature (-60 °C) by Sorokhtin and A. Kapitsa. (After Sorokhtin et al., 2011, 
figure 13.10, p. 490.) 


Eq. 2.26 enables the calculation of the synoptic processes evaluation rate 
of Q if the near-surface temperature, T, latitudinal distributions are avail¬ 
able. If however, a latitudinal distribution of empirically measured annual 
temperature is available, then it is possible to determine average specific 
speed of the heat input with the air mass Q at a given latitude. Figure 3.1 
displays the average near-surface air temperature vs. geographic latitude 
(Khromov and Pertosyants, 2001). This figure shows the surface tempera¬ 
ture, T, theoretical distribution for various Q values. These Q values are 
selected on condition of the best T theoretical distribution match with 

s 

empirical data. Figure 3.2 includes the diagrams of the Earth’s troposphere 
synoptic activity vs. latitude. This correlation was determined by variations 
of the average specific rate of heat input for an air mass, Q , parameter in 
Eq. 2.26 on condition of the best match between the Earth near-surface 
temperature values (as determined from the same equation at p = pj and 
its empirical values provided in Figure 3.1. 

Figures 3.1 and 3.2 show that the energy release-rate by the trade 
winds is slightly approximant to 4 to 4.5 X 10 4 erg/cm 2 ■ s. In the Northern 
Hemisphere, the average energy release-rate by the air mass cyclonic activ¬ 
ity gradually increases toward the high latitudes. It appears that the air mass 
motion energy is transmitted from the tropical belt to the northern boreal 
and polar areas. For instance, the local maximum in the rate of synoptic 
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Figure 3.2 Synoptic process activity vs. latitude calculated using Eq. 2-25: Curve 
1 - January; Curve 2 - July; Curve 3 - annual average. (After Sorokhtin et al., 2011, 
Figure 11.10, p. 497.) 


energy release in July at 30° N latitude (see Figure 3.2) indicates the emer¬ 
gence of the summer tropical storms and hurricanes. They all occur at that 
time, for instance, in the northern areas of the Caribbean Basin, and in 
the Pacific: in the Philippines, in the South Japanese Islands and south¬ 
ern China. It is possible that New Orleans’ destruction by Katrina in 2005 
was exactly due to such hurricanes. Reflected in the diagrams, significant 
synoptic activity growth in the Northern Hemisphere polar areas is in 
good correlations with conclusions of many climatologists. As an example, 
Khromov and Pertosyants (2001) indicated that in the Arctic basin, in all 
seasons, intense cyclonic activity is observed. Cyclones emerge on Arctic 
fronts and slide in the Arctic from lower latitudes where they develop on 
polar fronts. 

Substantial increase in the synoptic activity in the polar areas of the 
Northern Hemisphere is shown on these diagrams, which also agrees 
with the views of the leading climatologists. For instance, Khromov and 
Petrosyants (2001) indicated that intense cyclonic activity is observed in 
the Arctic basins in all seasons. The cyclones emerge on the Arctic fronts 
and penetrate the Arctic from the lower latitudes where they develop on 
the polar fronts. 

The Antarctic synoptic activity was measured at the South Pole, 
Antarctica, approximately along the meridian 90°E along a profile from 
the Mirny Station through the continent’s highest elevation (the ice sheet 
dome at 80°S and at an elevation of 4000 m above sea level). The Antarctic 
is almost continuously dominated by anti-cyclonic conditions with clear 
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and quiet weather. Usually cyclones can penetrate only the nearshore areas; 
however, synoptic activity distribution in central Antarctica turned out 
very peculiar. Minimum activity was observed over the dome and a drastic 
increase in the energy of the synoptic process activity was observed south¬ 
ward, toward the pole, and northward. The question is, “Why do observed 
bursts of synoptic activity emerge over the continents?” 

An explanation of this paradox is that there is a very strong katabatic 
wind continuously blowing from the Antarctic continental high dome 
toward the shores. In Antarctica, these winds are especially strong in win¬ 
ter (in July), as observed by Dr. O. Sorokhtin. These strong (up to 45 mph) 
cold winds become warmer adiabatically as they descend from the conti¬ 
nental dome on the ice-covered slopes. The air mass descending from the 
continental dome carries a substantial amount of energy. The maximum 
release-rate occurs at the continental shores around a circle about the 60° 
South latitude. Outside of the continent, the katabatic winds disperse over 
the expanses of the Southern Ocean and gradually die out. The katabatic 
winds that cause a bicephalous (double-headed) shape of the synoptic 
activity over the Antarctic. 

Figure 3.3 shows the latitudinal correlations of average semi-annual 
Sun radiation energy flows and the synoptic processes. Average value of 
the solar insolation was 2 x 10 5 erg/cm 2 • s, whereas the average synop¬ 
tic process energy is equal to 0.39 x 10 5 erg/cm 2 ■ s. The total amount 
of solar energy reaching the Earth is about 10 24 erg/s, whereas the total 



Figure 3.3 Average solar insolation energy and synoptic processes energy flow (105 erg/ 
cm 2 /sec) in the Earth’s troposphere vs. latitude. Curve 1 - intensity of the insulation at the 
Earth’s surface. Curve 2 - intensity of synoptic processes in the troposphere. Curve 3 - 
average solar insolation intensity. Curve 4 - average intensity of the synoptic processes. 
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energy of synoptic processes is only 0.2 x 10 24 erg/s. Obviously, against 
this synoptic process energy background, the total energy generation 
by mankind is negligibly low, 1.3 x 10 20 erg/s. Consequentially, this is 
another reason why the anthropogenic energy effect on the Earth’s climate 
should be disregarded. 

For an Earth with a greater snow covering, the albedo (A) increases. 
Under these conditions, the Earth’s near-surface temperature may be esti¬ 
mated using Eq. 3.4 for the planet’s average albedo A ~ 0.3, replaced by a 
higher value of A s ~ 0.7. This explains such phenomena as, for instance, the 
chilling of near-surface air layers in clear nights under anticyclones, when 
S ~ 0 and the heat input Q is low. Indeed, for anticyclonic areas the rate of 
convective air mass exchange usually slows down. As a result, the convec¬ 
tive heat input declines; however, the heat radiation from the Earth’s sur¬ 
face heats up during the day. As a result, the Q factor in Eq. 2.26 declines 
and at night time, at S ~ 0, the near-surface temperature substantially 
declines. In winter, in high latitudes where the Earth’s surface is covered 
by the snow with a higher albedo, heating by the solar radiation is insig¬ 
nificant, and results in air overcooling and bitter cold. For stable anticy¬ 
clones, Q ~ 0, in snow-covered regions a general troposphere overcooling 
occurs with the atmospheric tropopause descending almost to the Earth’s 
surface. Clear examples of such air overcooling are conditions arising in 
the Central Antarctic and in winter in the Yakutia and Verkhoyansk areas 
of Russia. When the anticyclonic regime in the troposphere is replaced by 
cyclonic activity, there is an immediate resumption of the input of syn¬ 
optic energy and convective air mass mixing. Warming occurs, and on 
the average reviewed adiabatic temperature distribution approximately is 
restored. 

Generalizing the model as a 4-D version, it is necessary to introduce 
the longitude angle and identify the oceanic and continental areas. A 4-D 
model requires the introduction of seasonal and daily variations in the 
Earth’s illumination, etc. Thus, the proposed model allows a derivation of 
the local climatic features of the planet. Earth’s surface albedo, heat intro¬ 
duction by cyclones, and atmospheric humidity must be included in this 
model. In areas of high-snow-cover reflectance but devoid of the heat input 
from cyclones, the Earth’s surface temperature declines almost to the tro¬ 
popause (lower stratospheric stratum) temperature, which is defined by the 
atmosphere’s radiation balance for a given latitude (Figure 3.4). In summer, 
in such anticyclonic areas with a dry air, the other way around, overheat¬ 
ing of the near-surface tropospheric strata it occurs approximately by 4 to 
5 °C and higher, with all indications of a drought, e.g., Russia’s Trans-Volga 
steppes (see Figure 3.4). The temperature gradient calculation for a dry 
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Figure 3.4 Comparison of temperature distributions plotted using Eq. 2.25 for a dry, 
transparent (grad T dry ) and humid, IR radiation--absorbing the Earths troposphere (T mt ). 
For all other conditions being equal, the near-surface temperature of a humid, absorbing 
troposphere is always somewhat lower than the near-surface temperature of a dry 
transparent atmosphere (in this particular example the temperature difference reaches 
4.7 °C). 




deg T wet = 

6.5 K/km 


d e 9 Tory 

9.8 K/km 









-1- 






(anticyclonic) and humid (cyclonic) troposphere is usually performed 
using a simple equation: 


Grandient T = — 


(Eq. 3.5) 


where g is the gravitational acceleration and c p is the specific heat. 
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Development of Earth’s 
Hydrosphere 


The Earth’s hydrosphere and atmosphere evolutionary regimes were cru¬ 
cial in the: (1) determination of the evolution of the Earth’s climate; (2) the 
emergence and development of life on the Earth; and (3) the issue of com¬ 
mercial mineral deposits including the organic hydrocarbon deposits. 


Hydrosphere of the Primordial Earth 

When the Earth first formed it did not have either a hydrosphere (ocean, riv¬ 
ers, lakes, etc.) or atmosphere (see Figure 1.1). It is suggested that the exter¬ 
nal, and very mobile geosphere, primarily developed due to the degassing of 
the Earth’s mantle. This degassing did not begin until after the heating of the 
upper portion of the Earth and the emergence of melted matter nodes within 
it. There was heating because of the release of energy from the moon-Earth 
interaction tidal energy and radioactive decay. Tidal energy was released pri¬ 
marily within the Earth’s mantle. The first melts of the Earth’s mantle material 
appeared at relatively shallow depths of 200-400 km. Upon the appearance 
of the first melts, the differentiation of the Earth’s matter began, along with 
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the first indications of the tectono-magmatic activity of the primitive Earth, 
=4 BY ago. After that, the matter differentiation of the Earth was fed by a 
powerful gravitational energy process of high-density melted iron separa¬ 
tion from the Earths matter silicates. The Earth’s mantle-degassing substan¬ 
tially depended not only on the mantle temperature, which determined the 
mantle convection flow intensity, but also on its chemical composition. The 
key features of this compositional and petrogenic evolution of a convecting 
mantle chemical composition are illustrated in Figures 4.1 and 4.2. 



Time (BY) 

Figure 4.1 Evolution of convecting mantles chemical composition in relative 
concentrations (the concentration of a given compound in the primordial Earth’s matter 
is taken as one: Curve 1 - Si0 2 , Ti0 2 , MgO, CaO, A10 3 ; Curve 2 - H 2 0; Curve 3 - K 2 0; 
Curve 4 - Ni and other siderophilic and chalcophilic elements and compounds; Curve 5 - 
FeO; Curve 6 - Fe; Curve 7 - U; Curve 8 - Th; and Curve 9 - Fe 3 0 4 . (After Sorokhtin et al, 
2011, figure 4.15, p. 144.) 



Figure 4.2 Evolution of major petrogenic elements and compounds in the convecting 
mantle. (After Sorokhtin et al., 2011, figure 4.16, p. 145.) 
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The emergence of the Earth’s lithospheric plate tectonics, especially the 
development of the Earths evolution, provides an opportunity for a quan¬ 
titative description of the ocean-forming processes. Quantitative models 
of the hydrosphere (global ocean water) and the atmosphere (gas shell) 
growth are based on the most general concept for the global evolution 
(Sorokhtin, 1974). This concept of development includes the direct pro¬ 
portionality between the Earths degassing rates and the lithospheric plate 
tectonics as to the development of the lithosphere and hydrosphere. The 
major contribution to the mantle convective mass exchange came from the 
most powerful energy process, the chemico-density differentiation of the 
Earth’s matter into a high-density iron-oxide core and a residual silicate 
mantle. 

Earlier studies were related to the end of the Earth’s formation pro¬ 
cess =4.6 BY ago; however, later models by Monin and Sorokhtin (1984), 
Sorokhtin and Ushakov (1991 and 2002) were more sophisticated and con¬ 
sidered that the primordial Earth after its emergence from the collation 
of particles was a relatively cold planet. Thus, the degassing would have 
started, after the preliminary heating of the originally cold Earth, to a tem¬ 
perature where the silicates began to melt in the upper mantle along with 
the emergence of the first asthenosphere. 

The primary mantle degassing is associated with the solubility decline of 
the volatile components within the silicate melts under lowering tempera¬ 
ture and relatively low pressure. As a result, the mantle melts erupted on the 
surface of the Earth (mostly basalts, and in the Archaean time also kom- 
atiite lavas) boiled and released excess volatile elements and compounds 
into the atmosphere. Some of these volatile components may have been 
released due to the weathering of the erupted rocks after their sojourn on 
the surface. However, the main water-degassing mechanism for the Earth 
was the decline of its solubility under the cooling and crystallization of 
water-containing olivine basalt melts at low pressure (Figure 4.3). 

The rate of the Earth’s degassing was in direct proportion with: (1) the 
erupted mantle rock mass on the surface, per unit of time; (2) their con¬ 
tent of volatile elements; and (3) their mobility. For a first approximation, 
the mantle rock eruption rate may be considered to be proportionate to 
the Earth’s tectonic activity (Figure 4.4). This activity is determined by the 
rate of its total heat loss, Q,„, or the derivative over time of the Earth’s 
tectonic parameter, z: 


(Qmo ^4.0 ^ 


(Eq. 4.1) 
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Figure 4.3 Olivine basalt solidus curve versus pressure (content) of water dissolved in the 
basalt melt. When basalts crystallize, the water dissolved in the basalt melts is released. 
(After Joly 1929; in: Sorokhtin et al., 2011, p. 422, figure 11.1.) 



Time (BY) 

Figure 4.4 Rate of change in the Earth’s tectonic parameter z determining the rate of the 
basalt melts surface eruptions and the mantle degassing rate (the dashed line represents 
core separation time). (After Sorokhtin et al ., 2011, Figure 11.2, p. 423.) 


where Q m is the current value of the heat flow from the mantle, 
Q 4 0 «1.6 x 10 37 erg is the Earth’s heat loss at the start of its tectonic activity 
4.0 BY ago and Q mo ~ 10.77xl0 3 ' erg is today’s total heat loss of the Earth’s 
mantle. Then the derivative z (Eq. 4.1) and its normalized value 
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Figure 4.5 Earth tectonic parameter, z, controlling the mantle magmatic activity products 
accumulation rate and the mass of the substances degassed from the mantle: the dashed 
line represents the time core separation ends. (After Sorokhtin et al., 2011, Figure 11.3, 
p. 423.) 

where |Q„ m | = 3.39 xlO 20 erg/s is the absolute value of today’s Earth deep 
heat flow. The correlation of the Earth’s tectonic parameter change rate 
versus time is shown in Figure 4.4 and the value of the parameter control¬ 
ling the magmatic activity is shown in Figure 4.5. 

Thus, the mantle degassing rate is in direct proportion with the compo¬ 
nent content in the mantle m l , its mobility factor, Xi > and the rate of the 
mantle convective mass exchange i : 

m. = -m L X,Z (Eq. 4.2) 

The mass of an z th degassed volatile component in the mantle and its 
accumulation in the Earth’s external geospheres is determined as: 


m i =m j {l-e x,z ), (Eq. 4.3) 

where m i is the total mass of the z th volatile component in the mantle and 
external geospheres. During the Archaean time, the degassing of the man¬ 
tle mass gradually increased. Thus, it is necessary to consider its increase 
from M = 0 to its total amount at the end of Archaean, M ... The mantle 
mass was previously estimated in Figure 4.6. It is necessary to use a differ¬ 
ent equation for the degassing of the water or any other volatile element 
and compound (such as N 2 and CO,) in the Archaean time: 


m j = m j (l-e x,z ) 
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(Eq. 4.4) 
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Earth's mass (5.9772 x 10 27 g) 



Figure 4.6 Gradual increase of the mantle mass in the Archaean time due to the 
expansion of the Earths matter differentiation zone and in its mass in Proterozoic and 
Phanerozoic due to the core growth. Dashed lines are the times when the core matter 
separation began about 4 BY ago and when a high-density iron-oxide core separated in 
the center of Earth about 2.6 BY ago. Since the origin of the Earth 4.6 BY ago and through 
the very end of Archaean time, the primordial Earth’s matter saturated with ore elements 
was preserved within Earth. (After Sorokhtin et al, 2011, figure 6.6, p. 208.) 


where M m (f) is the mantle mass at the time 4 < t < 2.6 BY ago. For the 
Proterozoic and Phanerozoic time, Eq. 4.3 is valid. 

To determine the mass of the volatile component m., degassed from the 
mantle (e.g., water), it is necessary to insert in Eqs. 4.3 and 4.4 the initial 
and boundary conditions for the content of this component (water, nitro¬ 
gen, and/or carbon dioxide) in the Earth’s external geospheres. 

Formation of the Hydrosphere 

The Earth’s matter differentiation mechanisms were drastically different 
from today’s in the Archaean and post-Archaean time. Thus, it is to be 
expected that the mobility factors of the volatile components (or at least 
some of them) were significantly different. 

During the Archaean time, the silicate matter of the convecting man¬ 
tle, together with its volatile components, went through a layer of melted 
iron (see Figure 4.7). The oxides, with their lower heat of formation, rather 
than the oxide of bivalent iron (63.64 kcal/mol) must have dissociated and 
released their oxygen for the oxidation of iron to the bivalent oxide. The 
water (both vapor or fluid) molecule heat of formation is 57.8 kcal/mol. 
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(d) (3.0-2.8) BY (e) (2.7-2.6) BY 



(f) (3.25-2.0) BY (g) Present-day earth 


Figure 4.7 Earth structure evolution: (A) the young Earth and moon formation; (B-F) 
consecutive stages of the Earth’s core separation and formation; (G) present-day Earth. 
The dashes represent the primordial matter; solid black is iron and its oxides melts; 
white is the Archaean depleted mantle impoverished in iron, its oxides, and siderophilic 
elements; the dots are the current-type mantle; and the boxes are continental massifs. 
(After Sorokhtin et al., 2011, figure 4.1, p. 117.) 


Therefore, the water must have dissociated on the metallic iron melts in the 
Earth’s matter differentiation zones: 

Fe + H z O —> FeO + H 2 + 5.84 kcal/mol. 


(Eq. 4.5) 
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The carbon dioxide heat of formation is 94.05 kcal/mol. Thus, carbon 
dioxide could have crossed through this zonal differentiation layer without 
difficulty. In the Archaean time, the water mobility factor in the degassing 
Eqs. 4.2 and 4.3 was significantly lower than that in the post-Archaean 
time, whereas the carbon dioxide mobility factor could remain constant 
during the entire time of its degassing from the mantle. It is noteworthy 
that together with the water, many other oxides with low formation heat 
dissociated in Archaean time on the iron melts. They were reduced to free 
elements. 

The water mobility factors in Archaean time and thereafter signifi¬ 
cantly differed. Thus, to estimate the mantle degassing it is necessary to put 
together two degassing equations, Eq. 4.3 and 4.4, with different mobility 
factors. Then combine them by the degassing process continuity condition 
at the Archaean-Proterozoic time boundary. In this case, these two equa¬ 
tions include three variables: two water mobility factors and the original 
water mass ( m H 2 o 0 ) in the Earth’s matter. 

To solve the problem quantitatively, it is necessary to determine and 
insert into the equations three independent boundary conditions. 

1. The first boundary condition can be the total mass of water 
in the present-day ocean and the continental crust. Our esti¬ 
mates are based on publications by Ronov and Yaroshevsky 
(1978) and amended by Sorokhtin et al. (2011), whose 
observations suggest the following assumptions for which 
the mass of water in the hydrosphere may be assumed: 

(1) The ocean currently contains 1.42 x 10 24 g of water (in 
the continental crust together with the continental waters 
and icebergs of 0.446 x 10 24 g. (2) The oceanic crust con¬ 
tains approximately 0.358 x 10 24 g of irreducible water. 

(3) Altogether, the Earth’s external geospheres (the hydro¬ 
sphere) contain 2.23 x 10 24 g of water. This amount of water 
was degassed from the Earth’s depths over its geological 
life, that is, over the last 4.5 BY. Strictly speaking, this is not 
exactly accurate because a significant part of the water that 
reached the surface in Proterozoic and Phanerozoic time 
was constantly returned into the mantle through the plate 
subduction zones. Some portion of it dissociated in hydra¬ 
tion of the oceanic crust rocks and in the upper atmosphere 
(affected by the solar radiation). The authors assume that 
not the absolute mass, but only its effective value is equal to 
the difference between the masses of the degassed and the 
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subducted water. In this situation, all calculations are valid 
and only the effective value of the mobility factors X will be 
somewhat lower than their actual values. 

2. A second boundary condition is the total water mass on 
Earth, («t H 0 ) 0 . The first step is to determine to calculate its 
mass in the present-day mantle. The water concentration in 
the mantle is a fundamental problem considered by petrolo- 
gists. It has not been conclusively resolved. The reason is that 
upon reaching the Earth’s surface, practically all the mantle 
water immediately (during the rise and discharging onto the 
surface) is intensely contaminated by the surface water. Even 
the most depth-associated xenoliths, e.g., such as garnet peri- 
dotites or eclogites from the kimberlite blow pipes, turn out 
to be just fragments of the oceanic crust sucked-in to great 
depths underneath the continents through the former sub- 
duction zones (Sorokhtin, 1985; Sorokhtin et al, 1996,2004). 
Nevertheless, fresh basalts of the oceanic islands, despite a 
possibility that they capture some marine water, which filter 
through the stratovolcanoes, usually contain very little water, 
no greater than 0.3% OH (Joder and Tilly, 1962). 

This and other theoretical considerations lead most 
modern petrologists dealing with the origin of mantle 
rocks to believe that the mantle water content is exception¬ 
ally low: Ringwood (1981) assumed the mantle water con¬ 
tent at 0.1% and Pugin and Khitarov (1978) believed in a 
lower value of 0.025 to 0.1%. Sorokhtin and Ushakov (1991, 
2002) estimated values no greater than 0.05 to 0.06%. After 
a review of all estimates, one can conclude that the man¬ 
tle is exceptionally dry. The total water content in today’s 
mantle is =2.007 X 10 24 g and the total water mass on Earth, 

K 2 o) o »4.23xl0 24 g. 

3. A third boundary condition for the calculations could be 
the hydrosphere’s water mass at an intermediate point in 
time (if it is possible). Using additional geological data, 
it is a solvable problem. As the ocean gradually increased 
in volume, there should have been a moment in its evolu¬ 
tion when the oceanic water covered the mid-oceanic ridge 
crests with their associated riff zones. After that, hydration 
of the oceanic crust rocks must have been rapidly increasing 
and so must have been the release of the ore element from 
the riff zones to the ocean. 
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Therefore, the geochemistry of oceanic deposits must have drastically 
changed after the described event as they now include abundant ore ele¬ 
ments brought out from the mantle. 

The most characteristic such element and the clear indicator of the 
sought-for boundary (the moment of the oceanic crust saturation with 
water) is iron. Metallic (free) iron was still available in the Precambrian 
mantle in noticeable amounts (see Figure 4.2). Rising together with the hot 
mantle matter into the rift zones, it reacted with the marine water (devoid 
of oxygen) rich in carbon dioxide forming bicarbonates of iron: 

Fe + H ? 0 + 2C0, —^Fe(HC0 3 ) 2 (Eq. 4.6) 

After the ocean covered the mid-oceanic ridge crests, the dissolved 
Fe(HC0 3 ) 2 began spreading all over the ocean. In the shallow water, the 
bivalent iron helped by bacteria (especially cyanobacteria) was oxidized to 
the trivalent form and precipitated forming thick iron ore deposits: 

2Fe(HC0 3 ) 2 + O —^ Fe 2 0 3 + 2FI 2 0 + 4C0 2 (Eq. 4.7) 

Because of the iron release from the oceanic rift zones, at least two unique 
massive iron ore formation epochs are identified in the World Ocean his¬ 
tory. The first was at the end Archaean time (the Kivatin-type iron ore for¬ 
mations) 3 BY ago. The second was at the end of the Early Proterozoic time, 
nearly 2.2 BY ago, known as the Krivoy Rog-type ores. This second iron 
accumulation stage is most identifiable in the Earths geological record. 

The area of the oceans in Proterozoic is the global area minus the con¬ 
tinental area. The continental crust thickness has had minor change with 
respect to time; therefore, the area of the continents can be considered as 
proportional to their mass. The mass evolution of continents is presented 
in Figure 4.8. The area of the oceans 2.2 BY ago was =3.48 x 10 18 cm 2 . The 
average ocean depths at that time was =930 m. Thus, the World Ocean 
water mass 2.2 BY ago was =0.325 x 10 24 g (Figure 4.9). Knowing the 
bound water mass in the crust 2.2 BY ago, it is possible to calculate, using 
a reconstruction (Sorokhtin and Ushakov, 2002) of the development of the 
oceanic crust structure (Figure 4.10) and the continental crust mass at that 
time (see Figures 4.8). It may be estimated that by the end of Archaean 
time, the average irreducible water concentration in the continental crust 
rose to 0.6%. Today it is 2%. Thus, 2.2 BY ago the continental crust con¬ 
tained =0.109 X 10 24 g of water. Assuming the average density of the pelagic 
deposits at =2.2 g/cm 3 with 20% water, the hydrated basalts and gabbros 
(density =2.9 g/cm 3 ) containing =2.5%, and the serpentinites (density 
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Figure 4.8 Continental crust mass growth: (1) authors’ version and (2) Taylor and 
McLennan (1985) curve. (After Sorokhtin et al ., 2011, figure 7.7, p. 250.) 



Time (BY) 

Figure 4.9 Evolution in the positions of the oceanic and continental surfaces compared 
with the average mid-oceanic ridge crests stand level: Curve 1 - average depth of the 
oceanic depressions; Curve 2 - mid-oceanic ridge crests stand level; Curve 3 - world- 
ocean surface level; Curve 4 - average continent stand level (relative to mid-oceanic 
ridge crests stand level); and Curve 5 - ocean surface position in the case of no water 
dissociation on iron melts in the Archaean time under the reaction: Fe + H 2 0 = FeO + 

H 2 + 5.84 kcal/mol. (After Sorokhtin et al, 2011, figure 11.6, p. 428.) 

=3 g/cm 3 ) up to 11%, 2.2 BY ago the oceanic crust contained =0.385 x 10 24 g 
of water. Thus, the total water mass in the hydrosphere was: 

(0.325 x 10 24 ) + (0.385 x 10 24 ) + (0.109 x 10 24 ) « 0.819 x 10 24 g. 

(Eq. 4.8) 
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Figure 4.10 Generalized model of the oceanic crust evolution. (After Sorokhtin et al., 
2011, figure 7.1, p. 243.) 


Constructing a system of Eqs. 4.3 and 4.4 separately for the Archaean 
and the post-Archaean time, one can substitute into them today’s water 
masses in the Earth, in its hydrosphere, and in the Early Proterozoic hydro¬ 
sphere =2.2 BY ago. These equations have different water mobility factors. 
Thus, they need to be merged into a common system through the condi¬ 
tion of degassing continuity at the Archaean-Proterozoic time boundary. 
After that the correlation of the mantle degassed-water versus time can be 
determined. The water mobility factor in the Archaean time turns out to be 
% = 0.123 and in the Proterozoic and Phanerozoic it was almost 12 times 
greater, % 2 = 1.45. 

The water accumulation in the Earth’s hydrosphere is illustrated in 
Figure 4.11. This figure demonstrates that the water accumulation regime 
in the external geospheres changed substantially near the Archaean- 
Proterozoic time boundary. The change was especially drastic for the 
water accumulation in the oceanic crust, which caused the formation of 
the serpentinite layer of the oceanic crust at the beginning of Proterozoic. 
This layer is the most capacious reservoir of the irreducible water on 
Earth. 

After determining the total water mass in the Earth and the water mobil¬ 
ity factors for the Archaean and post-Archaean time, using Eq. 4.3 one 
can determine the water accumulation rate in the Earth’s hydrosphere. The 
water-from-mantle to hydrosphere degassing rate is shown in Figure 4.12. 
This graph indicates that the maximum water degassing rate occurred 
2.5 BY ago, which is early in Proterozoic time. At the same time, maxi¬ 
mum tectonic activity had occurred during the Archaean. This apparent 
discrepancy was caused by the fact that in the Archaean time, most of the 
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Figure 4.11 Water accumulation in the Earth’s hydrosphere: Curve 1 - total mass of 
water degassed from the mantle; Curve 2 - oceanic water mass; Curves 3 & 4 - water mass 
bonded in the oceanic and continental crust; and Curves 5 & 6 - water mass degassed 
form the mantle and the oceanic water mass under a hypothetical scenario of no water 
dissociation in the Earth’s matter differentiation zones in the Archaean time according to 
the reaction Eq. 4.5. (After Sorokhtin et al., 2011, figure 11.4, p. 427.) 



Figure 4.12 Mantle-to-hydrosphere water degassing rate: Curve 1 - accounting for water 
dissociation in the Earth’s matter differentiation zones in the Archaean time and Curve 2 - 
not accounting for such dissociation. (After Sorokhtin et al, 2011, figure 11.5, p. 427.) 

degassed water was still within the mantle, dissociated over the iron melts 
in the Earth’s matter differentiation zones as follows: 

H 2 0 + Fe —>• FeO + H 2 . 


(Eq. 4.9) 
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The heavy hydrogen isotope is mostly associated with iron, whereas the 
light hydrogen isotope was found in the degassed water. In the Proterozoic 
time and even more so in Phanerozoic time, there was no water dissociation 
in the mantle. According to Eq. 4.2, water (without any losses) entered the 
Earth’s hydrosphere. Currently the yearly rate of water degassed from the 
mantle is =2.6 x 10 14 g/year or 0.26 km 3 /year. 

The average depth of oceanic depressions may be estimated from the 
Earth’s tectonic activity (see Figure 4.13) and from the average oceanic 
plate longevity (see Figure 4.14). Determination of the average depth of 



Figure 4.13 Energy expression of the Earth’s tectonic activity (vertical dashed line 
denotes the core formation time). (After Sorokhtin et al., 2011, figure 5.17, p. 187.) 



Figure 4.14 Evolution of oceanic lithospheric plates and their average thickness. (After 
Sorokhtin et al., 2011, figure 7.3, p. 245.) 
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the oceanic depressions and their areas can be estimated, keeping in mind 
that the oceans in the Early Archaean time were positioned only in the 
low latitudes. It is now possible from the determined mass of water mass 
in the ocean to obtain the ocean surface elevation relative to the average 
standing level of the mid-oceanic ridge crests. The results are displayed in 
Figure 4.9. 

Figure 4.9 establishes that the oceanic depression depths, relative to 
the average standing level of the mid-oceanic ridge crests, in the Early 
Archaean time were small: 80 to 200 m. There wasn’t a large quantity 
of water in the oceans during this period. During the Early and Middle 
Archaean time, there were still no real oceans on the Earth. What existed 
were numerous isolated shallow-water marine-type basins. During this 
period, the level of these seas rose over the mid-oceanic ridge crests and 
the Earth’s primordial matter areas, but especially the lithospheric plate 
pileup zones (Figure 4.15). The kernels of future continental massifs were 
being formed in the centers of these zones. Their elevations reached 6 km 
(see Figures 4.9 and 4.16). 

The high continent stand level in the Archaean time was determined by 
the high heat flows. This resulted in thick and heavy lithospheric plates, 
which could not form underneath the heavy continental shields. The con¬ 
tinental crust, because of a lighter density (buoyancy), rose high over the 
average mantle surface. Today, the present-day continental crust is under¬ 
lain by a thick (up to 200 km) and dense (=3.3 g/cm 3 ultramafic litho¬ 
sphere), which substantially sinks the continents into the upper mantle 
(see Figure 4.17). 

The high stand of the continental shield during the Archaean time 
resulted in intense physical erosion of its surface (Sorokhtin et al, 2011). 
This is observed in many of today’s Archaean shields on whose surface 
are deeply exposed, metamorphosed amphibolite and granulite facies that 
were formed at depths of 5-10 km. There are also examples of deeply meta¬ 
morphosed epidote-amphibolite facies, e.g., in the Kola Peninsula Keiva 



Figure 4.15 Image of the continental crust formation in Archaean time. (After Sorokhtin 
et al., figure 7.5, p. 247.) 
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Figure 4.16 Average stand (elevation) of continental massifs over the riff zones in the 
Archaean time and over the ocean surface in Proterozoic and Mesozoic. (After Sorokhtin 
et al., 2011, figure 7.10, p. 353.) 



Figure 4.17 Evolution of the structure of the continental plates: Area I - continental 
crust; Area II - continental lithosphere; and Area III - sublithospheric (hot) mantle. Curve 
1 - surface of the continents; Curve 2 - continental crust base (Mohorovicic boundary); 
and Curve 3 - base of the continental lithosphere. (After Sorokhtin et al., 2011, figure 7.9, 
p. 252.) 

block. Huge masses of sedimentary rock had to be deposited on the ocean 
floor during the high stand of the Archaean continental blocks, after they 
remelted in the oceanic plate pileup zones and converted to massive gran¬ 
itoid intrusions of Archaean granite-greenstone belts Figure 4.15). 

At the end Proterozoic, the surface of the growing ocean had risen to 
the average elevation of the continental planes. In the Phanerozoic, the first 
global marine transgressions on the continents occurred, which noticeably 
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shrank the river discharge and continental rock erosion dump areas in the 
oceans. 

If water dissociation occurred during the Archaeon time within the 
Earth’s matter differentiation zone, then the mass of water in the hydro¬ 
sphere would have exceeded the current amount by 1.5 times: ~3 x 10 24 g 
rather than the =2.2 x 10 24 g (see Figure 4.11). The ocean surface elevation 
would then be about 2 km above its current elevation. This would have 
resulted in the flooding of the Earth in the Archaean and Protozoic time 
over a large portion of today’s continental areas (see Figure 4.9). Only the 
highest continental areas would have been above the water surface. 
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Part III 

DEVELOPMENT OF THE 
EARTH’S ATMOSPHERE 
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Earth’s Historic Atmospheres 


Earth’s Primordial Atmosphere 

Our solar system originated from the debris of explosions of earlier Suns 
and was formed from some of that debris. The Sun and its associated plan¬ 
ets that were formed from this solar nebula, coalesced ~ 4.6 BY ago. The 
initiation of hydrogen fusion into helium gave birth to our Sun. The plan¬ 
ets orbiting the Sun were also formed by accretion; the heavier elements 
from the nebula were concentrated within their cores and the lighter ele¬ 
ments, e.g., H 2 and He became the initial atmosphere. Figure 5.1 reflects 
that we lost much of our initial atmosphere, e.g., H,, He, CH 4 etc. during 
the Hadean time. The geologic history of the composition of the Earth’s 
various atmospheres with respect to time is presented in Table 5.1 and 
Figure 5.1. 
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Figure 5.1 Variation of the composition of the Earth’s atmosphere with time. (After 
Scientific Psychic, 2017.) 
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Table 5.1 Evolution of the Earth’s Atmospheres. 



Atmospheric 

composition 

Source of its 
components 

Other 

characteristics 

1 st Atmosphere 
Hadean time 

CH„ He and EL 

2 

Asteroids, 
comets, etc. 

Atmosphere mainly 
H 2 and He. 

Volatile com¬ 
pounds tripped 
out 

2 nd Atmosphere 
Archean and 
1st half of 
Proterozoic 

time 

C0 2 , H 2 0 and 
methane 
(decreasing) 
and N 2 

Mantle degassing 

Primarily C0 2 and 
N 2 by end of 
Archean, pres¬ 
ence of bacteria 
producing N ? . 

3 rd Atmosphere 

1 st half of 
Proterozoic 

and 

Phanerozoic 

time 

Primarily N 2 and 

0 2 with small 
amounts of Ar, 
C0 2 , etc. 

0 2 generated by 
photosynthesis 

Development of 
ozone layers 
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Earth’s First Atmosphere (Hadean time—4.56 to 
4.0 BY ago) 

The initial atmosphere formed when the material forming the Earth 
accreted and melted, forming layers of material with the heavier com¬ 
pounds toward the core of the Earth. The surface of the Earth was covered 
by a layer of ultrabasic porous regolith. This layer consisted of a loose, het¬ 
erogeneous superficial material covering the solid rock of the Earth’s sur¬ 
face, which included dust, soil, broken rock, and other related materials. 
This regolith material absorbed all chemically active gases, e.g., C0 2 , CO, 
0 2 , or H ,0. As a result, the Earth’s initial primordial atmosphere primarily 
consisted of (1) H,, (2) He, (3) nitrogen (N 2 ), and (4) a trace of noble gases 
(Figure 5.1). The atmospheric pressure was =1 atm. 

At the beginning of the Hadean time (4.6 BY ago) the Earth’s surface 
consisted of molten rock and water existed as vapor in the atmosphere (see 
Figure 5.1). Because of the elevated temperature, the average speed of the 
hydrogen molecules (H,) and the helium atoms (He) was greater than their 
escape velocity from the Earth. In the Early Hadean time, due to Earth’s 
weaker gravity, these initial lighter gases escaped from the Earth’s atmo¬ 
sphere and were swept away from the Earth through photoevaporation by 
the solar winds. At the end of the Hadean time, the Earth’s atmosphere was 
left with less methane and ammonia, water vapor, and small percentages 
of nitrogen and carbon dioxide as shown in Figure 5.1. Scientific Psychic 
(2017) has noted that at the end of the Hadean time, there was likely a 
cataclysmic meteorite bombardment (=3.9 BY ago) that kept much of the 
Earth’s surface in a molten state. The incoming impactors likely brought 
additional water, methane, ammonia, hydrogen sulfide and other gases 
that supplemented the Earths atmosphere. High surface temperatures 
of 700 °C to 1100 °C during the Hadean time were common on the hot 
Earth’s crust along with lakes of magma on its surface. These elevated 
temperatures were the result of: (1) collisions and compression during 
accretion, (2) decay of short-lived radioactive elements and (3) constant 
volcanism. Water only existed in gaseous form in the atmosphere and the 
Earth’s atmosphere was depleted of methane through the following endo¬ 
thermic reaction: 


CH 4 +H 2 0—»CO + 3H, (Eq. 5.1) 

The resulting carbon monoxide (CO) gas readily combined with metals 
to form carbonyl compounds and, thus, the methane etc. were removed 
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from the atmosphere. The existing high temperatures would have been too 
hot for liquid water to condense on the surface of the Earth; however, at 
high elevations, water vapor might have condensed and produced rain in 
the upper atmosphere that quickly evaporated as it fell lower toward the 
Earth’s surface (Scientific Psychic, 2017). 

Earth’s primordial atmosphere had a paucity of matter, as compared to 
that of the Sun, in volatile and mobile elements and compounds. Had it 
been otherwise, today’s atmosphere and hydrosphere would likely be much 
thicker and denser. Maison (1971) estimated that: (1) the relative hydrogen 
content on Earth vs. silicon is lower than in the outer space; (2) nitrogen is 
lower; (3) carbon is lower; and (4) noble gases are lower. Despite the com¬ 
monality in outer space of such volatile compounds as H 2 , He, N 2 , H 2 0, 
C0 2 , CH 4 , NH , they are very scarce in the Earth’s atmosphere. It has been 
proposed that such substantial differentiation in the primordial Earth’s 
matter occurred in the pre-planetary stage of the solar system’s evolution, 
when the Sun was at the t -Taurus stage of stellar evolution. It may have 
happened due to removal of the volatile components from the internal 
portions of the protoplanetary gas-dust cloud into its periphery (into the 
giant planet formation zone). 

The volatile compounds and elements found on the Earth, e.g., H,0, 
C0 2 , N,, HC1, HF, HI, etc., probably came in a bonded state from com¬ 
ets, asteroids, etc. Water was likely bonded with hydro-silicates; nitrogen, 
with nitrides and nitrates; carbon dioxide, with carbonates; halogens, with 
haloids, etc. Therefore, as the Earth’s atmosphere developed, these compo¬ 
nents were buried in sediments. Some of these residual chemically active 
volatile compounds were released during the shock explosions of planetes- 
imals hitting the Earth. These residual volatiles were likely then reabsorbed 
by the ultramafic-regolite on the Earth’s surface and buried under new lay¬ 
ers of the precipitating meteoritic matter. 

Toward the end of the Hadean time, volcanic activity increased the per¬ 
centage of carbon dioxide in the atmosphere. The Earth’s surface changed 
from molten lava, cooling to a solid rock and liquid water started to accu¬ 
mulate on the Earth’s surface. 

For the above reasons, Earth’s atmosphere, by the end of the Hadean 
time, was composed mainly of inert nitrogen and noble gases. Due to a 
short helium flight time from the Earth’s atmosphere on the order of 10 6 
years, its partial pressure in the primordial atmosphere over the time of 
its formation (about 10 8 years) had enough time to equilibrate, so that its 
concentration in the atmosphere was similar to that of today. The product 
of 40 K radioactive decay ( 40 Ar) was not likely to have been present in the 
atmosphere in noticeable amounts. Therefore, it is reasonable to anticipate 
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that the partial pressure of the noble gases in the primordial atmosphere 
did not exceed 2 x 10 5 atm. 

It is much more difficult to estimate the partial pressure of the other 
active components in the primordial atmosphere, e.g., H 2 0, N 2> C0 2 , and 
CO. To calculate them, it would be necessary to know the absorption and 
reactive capacity of the gases with the ultramafic regolite. The regolite 
contained free metals, e.g., Fe, Ni, Pt, Co, C, etc., although their partial 
pressures likely did not exceed 10 4 atm. 


Earth’s Second Atmosphere (Archean 
time, 4.0 to 2.5 BY ago) 

At the beginning of the Archean time, the Earths crust was cooling. 
As shown in Figure 5.2, an increase in the Earths tectonic activity marked 
the beginning of the Archean and reached maximum levels toward its end. 
During the Archean time, water vapor in the atmosphere began to condense 
from the Earth’s atmosphere, forming the oceans and decreasing the water 



Time, BY 


Figure 5.2 The Earth’s tectonic activity as measured by depth of heat flow from the 
mantle. Curve 1 - average for Earth as a whole. Curve 2 - tectonic activity within a wide 
ring belt of the Archaean Earth crust formation above the differentiation zone of Earth’s 
matter. Dashed line corresponds to the time of Earth’s core separation. 
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content in the atmosphere (Figure 5.1). Continuous rainfall on the Earth’s 
surface for millions of years led to the buildup of oceans. Scientific Psychic 
(2017) suggested that as steam condensed into liquid water on the Earth’s 
surface, the atmospheric pressure of the Earth became lower, permitting 
water to remain as liquid as the Earth cooled. The liquid water absorbed 
greater volumes of the volatile gases, e.g., ammonia and methane (as dis¬ 
solved gas), removing these gases from the atmosphere and by creating 
ammonium compounds, amines and other nitrogen-containing substances: 

NH 3 +H 2 0->NH;+0H-. (Eq. 5.2) 

The chemical reaction of water with volatile gases (e.g., sulfur dioxide 
and carbon dioxide) produced acid rain (e.g., carbonic acid), which, in 
turn, reacted with other compounds on the Earth’s surface forming new 
minerals: 


CO, + H 2 0 -» H,C0 3 (Eq. 5.3) 

Scientific Psychic (2017) reported that microfossils of sulfur-metabolizing 
cells have been found in sediments (=3.4 MY ago) along with the first 
aquatic photosynthetic organisms that originated about this time. The oxy¬ 
gen produced by cyanobacteria (blue-green algae) during the Archean time 
reacted with the metal ions in the anoxic sea. However, it was not until the 
Proterozoic time before the photosynthetic microorganisms could even¬ 
tually produce sufficient oxygen to change the composition of the atmo¬ 
sphere. By the middle of the Archean time, the Earth had cooled enough 
so that much of the water vapor in the atmosphere had condensed out as 
liquid water, and there were no clouds. By this time: (1) ammonia and meth¬ 
ane were the only minor constituents of the atmosphere (see Figure 5.1); 
(2) carbon dioxide comprised = 15% of the atmosphere; and (3) the percent¬ 
age of nitrogen was =75%. Most of the original components of the Earth’s 
atmosphere had either: (1) escaped, (2) precipitated as liquids, or (3) reacted 
chemically to form solid compounds, which were buried with sediments. By 
the end of the Archean time the major factors influencing the Earth’s atmo¬ 
spheric composition were volcanic activity and the photosynthetic bacteria. 

Earth’s Third Atmosphere (Proterozoic to mid- 
Phanerozoic time - 2.5 to 0.54 BY ago) 

Monocellular life proliferated during the Proterozoic time developing 
into multicellular life. During this period, tectonic activity decreased (see 
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Figure 5.2). Early in the Proterozoic time, anaerobic microbial life thrived 
on the Earth as there was little oxygen in the atmosphere (see Figure 1.1). 
As the oxygen content in the atmosphere increased during this period, 
anaerobic bacteria activity decreased. The various bacteria chemically 
obtained their energy in several ways. (Scientific Psychic, 2017): 

1. Anaerobic methanogens combined hydrogen and carbon 
dioxide to produce methane and water: 

C0 2 + 4H 2 -A CH 4 + 2H 2 0 (Eq. 5.4) 

2. Anaerobic sulfate-reducing bacteria combined methane and 
sulfate radicals: 

CH 4 +S0 4 —^ HC0 3 + HS + H,0 (Eq. 5.5) 

3. Other organisms, capable of photosynthesis, used the energy 
of sunlight to convert the abundant carbon dioxide in the 
atmospheric and water into carbohydrates (C 6 H 12 0 6 ) gen¬ 
erating oxygen, which in turn was deadly to the anaerobic 
bacteria and eventually killed out much of the anaerobic 
bacteria on the surface of the Earth: 

6C0 2 +6H 2 0 —^ C 6 H 12 0 6 +60 2 (Eq. 5.6) 

By the Proterozoic time, the content of the carbon dioxide (CO,) in the 
Earth’s atmosphere had been nearly depleted and there was only a small 
percentage of oxygen in the Earths atmosphere. Nitrogen, N , which is 
chemically inert, became the primary gas in the Earth’s atmosphere (see 
Figure 5.1), as the other gases had become almost completely stripped 
from the Earth’s atmosphere. 

Figures 5.1 and 5.3 show that from the beginning of the Proterozoic time 
to 1.85 BY ago, atmospheric oxygen levels slowly rose as the rate of flora 
photosynthesis increased. Scientific Psychic (2017) has reported that the 
shallow seas became partially oxygenated; however, the deeper water layers 
in the oceans continued to be anoxic. Although photosynthetic organisms 
had been releasing oxygen since Archean times, the oxygen levels had not 
built up in the atmosphere because the free oxygen in the atmosphere was 
being depleted through the oxidation of metals: 

4Fe + 30 2 —»2Fe 2 0 3 


(Eq. 5.7) 
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Figure 5.3 Evolution of the composition of the Earths atmosphere and its pressure with 
time (dashed line is the atmosphere pressure assuming the absence of bacterial nitrogen 
consumption). 


and by the oxidation of methane: 

CH 4 + 20 2 —> C0 2 + H z O (Eq. 5.8) 

to yield carbon dioxide and water in the presence of ultraviolet (UV) 
radiation. 

The cooling of the Earth during the Proterozoic time stabilized the land 
masses and reduced the volcanic outgassing of carbon dioxide (Scientific 
Psychic, 2017). Some additional oxygen was consumed by oxidation of 
minerals in the Earth’s crust; however, greater quantities of oxygen were 
generated by plants so that additional free oxygen accumulated in the atmo¬ 
sphere, killing the anaerobic bacteria near the Earth’s surface. This created 
an opportunity for the development of aerobic life forms. 

The atmospheric composition stabilized (between 1.85 to 0.85 BY ago) 
with the Earth’s atmosphere containing =10% oxygen (Scientific Psychic, 
2017). Photosynthetic organisms were still producing oxygen at a high 
rate, but the reaction of oxygen with the dissolved minerals in the deep 
oceans and with sediments and rocks on the Earth’s surface did not allow 
atmospheric oxygen levels to increase. By 0.85 BY ago, the minerals in the 
sea and on land could not bind as much oxygen, and the excess oxygen 
began to accumulate in the atmosphere. 
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Today’s Atmosphere (Phanerozoic time, 0.542 BY ago 
to today) 

The Cambrian period, at beginning of the Phanerozoic time, is marked 
by an abundance of multicellular life. This was a time when: (1) most of 
the major groups of animals first appeared; (2) vegetation covered Earth’s 
surface; and (3) the atmospheric oxygen concentration was =30%. By 228 
MY ago, the Earth’s atmospheric oxygen concentration level was =15%, 
and by the end-Cretaceous (100 MY ago) oxygen had risen to =23% (see 
Figure 5.3). For the last 100 MY years, the percentage of oxygen in the 
atmosphere has fluctuated between 18% and 23% to the present level of 
about =21%. 


The Earth’s Future Atmosphere 

Figure 5.3 illustrates the Earth’s atmospheric composition and the resulting 
pressure over the entire time of the Earth’s existence along with a negative 
future projection for life on the Earth. This figure shows both the historic 
and future projections of the atmospheric composition. Sorokhtin and 
Ushakov (2002) projected a sharp increase in the oxygen partial pressure 
in 600 MY in the future which is the result of abiogenic oxygen degassing 
in the process of the Earth’s core formation. At present, the formation of 
the outer layer of the Earth’s core occurs because of the reduction of the 
iron oxide according to the following reaction: 

2FeO —» Fe»FeO + 0. (Eq. 5.2) 

The released oxygen, under high pressure and release of the compression 
energy (due to a smaller volume of magnetite molecule) will be bonded 
with the iron oxides forming the magnetite component of the mantle: 

3FeO + O —» Fe 3 0 4 + 76.48 kcal/mole. (Eq. 5.3) 

After a total oxidation of the mantle silicate iron to magnetite stoichi¬ 
ometry, formation of the Earth’s core matter will have to be accompanied 
by the release of free oxygen not consumed by any reactions: 
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As a result, after 600 MY in the future, additional free oxygen will begin 
entering the Earth’s atmosphere. The Earth’s atmospheric pressure will 
rise above 10 atm. This change of atmospheric pressure will increase the 
greenhouse effect on the Earth (see Eq. 2.26). The Earth’s average surface 
temperatures will rise above 180 °C. At this temperature, the oceans will 
vaporize, increasing the atmospheric pressure even higher. The Earth’s 
surface temperatures will rise to over 600 °C (which is higher than that 
on Venus: =460 °C). In such an environment, there is little possibility of 
preservation of life as we know it. 
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Nitrogen in Earth’s Atmosphere 


Origin of Earth’s Atmospheric Nitrogen 

Nitrogen, N 2> is a colorless, odorless and tasteless gas that makes up 78.09% 
(by volume) of the Earth’s atmosphere today. It is nonflammable gas and 
does not support combustion. 

UIGI (2017) notes that the density of nitrogen gas is slightly lower than 
that of air. It has a low solubility in water and is commonly considered and 
can be used as an inert gas, although it is not truly inert, as it forms nitric 
oxide and nitrogen dioxide with oxygen, ammonia, hydrogen, and nitrogen 
sulfide. The nitrogen compounds are formed naturally through biological 
activity. Nitrogen compounds are also formed at high and moderate tem¬ 
perature with the aid of catalysts. At elevated temperatures, nitrogen com¬ 
bines with active metals, such as lithium, magnesium and titanium to form 
nitrides. Nitrogen is required for many biological processes, and used as a 
fertilizer (often in the form of ammonia or ammonia-based compounds). 

Nitrogen condenses at its boiling point, -195.8 °C (-320.4 °F), to a 
colorless liquid that is lighter than water. 
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Figure 6.1 Comparison of composition of Venus, Earth and Mars atmospheres. (After 
Earth Science, 2014.) 


Nitrogen is the most dominant gas in today’s Earth atmosphere. 
Figure 6.1, compares the compositions of the atmospheres of Venus, Earth 
and Mars. The Earth’s atmospheric nitrogen concentration is 78%, as com¬ 
pared to 3.5% for Venus and 2.7% for Mars. Reasons for today’s apparent 
lack of nitrogen in Venus’s and Mars’s atmospheres are that they appear to 
have had negligible degassing of their mantles (volcanism or plate tecton¬ 
ics) and absence of bacteria. Two major sources controlling the nitrogen 
content of Earth’s atmosphere have been volcanoes (degassing of mantle) 
and bacterial-fixing of organic material. 

Nitrogen is a moderately active element that reacts weakly with inor¬ 
ganic compounds. There are, however, nitrogen-consuming bacteria, 
that remove nitrogen gas from the atmosphere and circulate it through 
soil after being dissolved in water, bonding and fixing it to organic matter. 
The first and most primitive bacteria, Procaryotes and Archaeans, probably 
appeared soon after the emergence of life on Earth. It is likely, that in the 
Archaean time, the primitive bacteria included some nitrogen-consuming 
bacteria. Organic matter bonded with nitrogen is found in buried oce¬ 
anic sediments. Also, nitrogen is bonded in nitrates and nitrites fixed by 
thunderstorm activity. Thus, bacterial life activity and thunderstorms over 
a long geological evolution have likely stripped nitrogen from the atmo¬ 
sphere and significantly lowered the partial pressure of nitrogen in the 
Earth’s atmosphere. 

Today’s nitrogen cycle (Figure 6.2) is a description of hownitrogen is con¬ 
verted into various chemical forms as it circulates among the atmosphere, 
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Figure 6.2 Todays nitrogen cycle. (After AP Biology, 2017.) 


terrestrial, and marine ecosystems. The bonding of nitrogen is carried in 
the nitrogen cycle by biological and physical processes (Wikipedia, 2017). 
Today’s cycle of nitrogen is far different from those of earlier time periods, 
before the development of plants and bacteria. As discussed in this chapter, 
the Earth’s atmospheric pressure, composition and temperature has varied 
over time, dependent upon the active geological processes. 

The nitrogen content in the Earth’s atmosphere (Figure 5.1) increased 
in the Late Archaean time due to introduction of bacteria (biomass) into 
the oceans (Figures 6.3). This concept is supported by the nitrogen-organic 
compounds found in the Archaean oceanic sediments. Figure 6.4, Curve 3, 
illustrates the increase in atmospheric partial pressure and atmospheric 
nitrogen content (see Figure 5.1), as compared to its earlier primordial 
atmospheric pressure, which was due to degassing from the mantle and 
loss of other atmospheric volatile gasses by absorption. 

During the Proterozoic time, as shown in Figure 5.1, the Earth’s atmo¬ 
sphere was almost entirely nitrogen and then the nitrogen content decreased 
due to an increase in bacterial action which removed nitrogen from the 
atmosphere. This change in the atmosphere’s nitrogen content and lower 
partial pressure resulted in the cooling of the Earth’s surface, which contin¬ 
ued through the Proterozoic and Phanerozoic time. Eq. 2.26 demonstrates 
the relationship between the atmospheric pressure and temperature, the 
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Figure 6.3 Biomass evolution in the Earth’s oceans. The authors predict that the 
biomass will decline to 0 in 600 MY in the future due to the degassing from the mantle 
in substantial amounts of abiogenic oxygen along with the associated greenhouse effect 
(Sorokhtin, 1974; Sorokhtin and Ushakov, 2002). (After Sorokhtin et al ., 2011, figure 12.7, 
p. 447.) 



Figure 6.4 Evolution of the Earth’s atmospheric nitrogen partial pressure: Curve 1 - 
nitrogen of young Earth’s primordial atmosphere. Curve 2 - nitrogen degassed from 
the mantle. Curve 3 - pressure of total body of atmospheric nitrogen. Curve 4 - mass of 
nitrogen removed from atmosphere by nitrogen-consuming bacteria (recalculated using 
pressure). 

Earth’s surface temperature declining due to a decline of total atmospheric 
pressure; decline in the nitrogen’s partial pressure is due to a change in 
nitrogen content of the atmosphere. This total cooling effect on the Earth’s 
surface, over 4.5 BY, has not exceeded 5.4 °C, whereas according to the 
climatic paradox, the historic cooling over that period reached 70 °C. 

This decline in the nitrogen’s partial pressure can be attributed to: (1) bac¬ 
terial metabolism and (2) thunderstorm activity in a humid atmosphere. 
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The available estimates show that the effect of nitrogen bonding to organic 
compounds by thunderstorms has a substantially lower effect than that by 
bacteria. The thunderstorm-bonded nitrogen results in less stable nitrite 
and nitrate decomposition, which might again release nitrogen into the 
atmosphere. 

On assuming, however, that nitrogen removal from the atmosphere was 
achieved as well by bacteria as by the thunderstorm activity, the effects are 
difficult to separate. In calculating the nitrogen absorption effect, one has to 
consider that the organic nitrogen (N org ) accumulated in: (1) the Archean 
oceanic deposits are continuously removed from the ocean waters, (2) the 
Archean deposits of the oceanic crust pileup zones, and (3) the plate subdue - 
tion zones in Proterozoic and Phanerozoic time. Nitrogen was also partially 
included into the granite-metamorphic rocks of the continental crust or went 
into the mantle and was partially degassed and released to the atmosphere 

The increase of bacterial-bonding of nitrogen-organic compounds and 
degassing of the mantle in oceanic sediments clearly dominate the nitro¬ 
gen content of the atmosphere (Figure 6.4, Curve 3). Nitrites and nitrates 
emerging from the thunderstorms are less stable than the nitrogen-organic 
compounds fixed by bacteria and are likely to be degassed again. Only 
certain bacteria are capable of consuming and fixing the atmospheric 
nitrogen to organic matter. These are referred to as nitrogen-assimilating 
bacteria. Several forms of flora consume nitrogen-organic compounds, 
e.g., phytoplankton or plants. Flora feed on nitrogen compounds gener¬ 
ated by the nitrogen-assimilating bacteria. 

Regarding bacterial activity, Wikipedia (2017) presents a partial repre¬ 
sentation of the nitrogen cycle showing the path of nitrogen: (1) in the 
atmosphere and (2) soils of the Earth, where a variety of bacterial reactions 
act on nitrogen gas found in the atmosphere (Figure 6.5). 

Estimate of the Earth’s Volume of 
Organic-Nitrogen Sediments 

To estimate the volume of bound organic-nitrogen, N ^, on the Earth, one 
can estimate the quantity of organic-nitrogen in the oceanic sediments that 
has been continuously removed from the oceans through the subduction 
zones during the Proterozoic and Phanerozoic time. These organic-nitro¬ 
gen compounds that are partially included are: (1) the granitic-metamor- 
phic rocks of the continental crust or (2) sediments transferred into the 
mantle. During these processes, nitrogen is partially degassed anew and 
some re-enters the atmosphere. 
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Figure 6.5 Schematic of Nitrogen cycle. (After Wikipedia, 2017), https://upload. 
wikimedia.org/wikipedia/commons/thumb/f/fe/Nitrogen_Cycle.svg/1200px-Nitrogen 
Cycle.svg.png) 


According to Ronovand Yaroshevsky (1978) and Ronov(1993), the oce¬ 
anic deposits (pelagic plus shelf) contain =2.7 to 2.86 x 10 21 g of C org and in 
the continental deposits -8.09 to 9.2 x 10 21 g of C org are buried. Taking into 
consideration the effect of avalanche-like deposition of solid terrigenous 
sediments in the nearshore regions of oceans (Lisitsyn, 1984, 1991) with 
high organic carbon concentration, a slightly higher value of the present- 
day mass of oceanic sediments and, correspondingly, of the mass of bur¬ 
ied organic carbon, C org , is -3.36 x 10 21 g. The authors estimate that the 
mass of nitrogen buried in the: (1) sediments of oceanic floor, and its shelf 
regions is =2.35 x 10 20 g, and (2) continental sediments as =5.0 x 10 20 g. 
This amount of organic-nitrogen was deposited over the average time of 
existence for the modern oceanic crust, that is, over the recent 5 MY and 
on the continents, approximately over 400 MY. To determine the organic- 
nitrogen (N or ) accumulation rate during the past geological epochs, one 
should consider the fact that the element controlling life evolution in the 
oceans is phosphorus solubility, of which in the oceanic water is limited 
(Schopf, 1980). The ocean life has evolved mostly within the photo-active 
water layer. Still, the phosphorus-saturated deeper water reaches this hab¬ 
itable layer through the upwelling zones. It follows that the oceanic bio¬ 
mass has always been approximately proportional to the mass of the ocean 
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per se which is shown in Figure 4.11, Curve 2. With this data, it is possible 
to estimate the biomass of the ocean (Figure 6.3). 

If the oceanic biomass is proportional to the mass of oceanic water, then 
one can account also for the approximate mass of the organic-nitrogen 
(N org ) bonded in the deposits and removed together with them during 
the Earth’s geological history from the oceanic sedimento-sphere into the 
Earth’s mantle through the subduction zones of lithospheric plates, 


{N f 

v org ' oc 


N 


orgo, 


m w dt. 




(Eq. 6.3) 


where (N org )* c is the total organic-nitrogen mass removed from the 
oceanic reservoir over the time from t = -4 BY ago to the present f = 0; 
(N org ) oc = (N org ) oc /r represents the current (N org ) burial rate in the oceanic 
deposits; r= 120 MY ago is the average age of today’s ocean floor; and 
(m*) and (rn w oc ) o = 1.42x 10’ 1 g are the current value and the present-day 
water mass in the World Oceans (see Figure 4.11, Curve 2). 

By numerical integration of Eq. 6.3 shows that during the last 4 BY 
about 4.3 x 10 21 g of nitrogen has been removed from the Earth’s atmo¬ 
sphere through marine biota life activity. To this amount must be added 
the nitrogen preserved in the continental deposits (N 2 ~ 4.3 xlO 21 g of 
organic nitrogen) over a period of close to 400 MY. Thus, the total nitrogen 
removed from the atmosphere with the small addition of biogenic nitrogen 
over the life activity on the Earth is =4.82 x 10 21 g. This would be equivalent 
to an atmospheric pressure decline of 945 mbar, which is greater than 
today’s nitrogen partial pressure of 765 mbar. 

As shown in Figure 5.1, in the Middle Proterozoic time (2 to 0.8 BY 
ago), the atmosphere was almost pure nitrogen with traces of radiogenic 
argon. Earth’s temperature was much warmer than today and there were 
no ice sheets anywhere on the continents (Chumakov, 2004b). Therefore, 
considering the average elevations of the continents at that time, nowhere 
did the average annual temperature (even at the poles) drop below 0 °C. 
The adiabatic theory of the greenhouse effect (Figure 2.26) requires that for 
positive temperatures on the surface of the continents, with the average 
elevations of 1- to 1.7-krn, which were formed in the Middle Proterozoic at 
the poles, the atmospheric pressure should have exceeded 1.2 atm. 

The only way one could explain why the nitrogen partial pressure 
change of about 0 atm in Katarchaean to 1.4 atm in Proterozoic to today’s 
value of 0.755 is by assuming that along with the mantle-degassed nitro¬ 
gen there was also an effective mechanism for nitrogen removal from the 
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atmosphere (Sorokhtin, 2005a and b, 2008). It can be explained if the 
present-day atmosphere contains about 40% of the mantle-degassed nitro¬ 
gen. The nitrogen partial pressure evolution from the mantle is illustrated 
in Curve 2, Figure 6.4. 

Chapter 14 discusses the future general decline of the atmospheric pres¬ 
sure and the increase in the climate severity. The resulting temperature 
increase will affect the general metabolism of the nitrogen-consuming bac¬ 
teria resulting in a slowdown in nitrogen removal from Earth’s atmosphere 
and destroying the life present now on Earth. It will establish a new equi¬ 
librium state of nitrogen content for the atmosphere. This is anticipated in 
660 MY in the future. 
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Development of Free Oxygen 
in Earth’s Atmosphere 


Oxygen 

One fifth of the Earth’s atmosphere is made up of oxygen, which is the third 
most abundant element in the universe by mass. The element oxygen has 
an atomic number of eight and is the 8 th element on the Periodic table. At 
normal pressure and temperature, the molecules of oxygen can bond to 
form a dioxide (0 2 ) which is a colorless gas that composes about 21% of 
today’s atmosphere. Oxygen is the most reactive of the non-metallic ele¬ 
ments, a member of the chalcogen group on the periodic table and readily 
forms compounds with elements other than the inert elements, i.e., helium 
or neon (Soft schools, 2017). 

Today, the movement of oxygen can be seen in the oxygen cycle (Figure 7.1) 
within its three main reservoirs, the: (1) atmosphere, (2) biosphere (bio¬ 
logical matter) and (3) lithosphere (Earth’s crust) (CMU, 2003). The form 
of oxygen in the atmosphere is the gas, free oxygen ((.),). In the other two 
reservoirs, oxygen is bonded with either organic or inorganic material. 

Table 7.1 lists the capacity for storage, the flux in/out and residence time 
for the three major reservoirs of free oxygen. The lithosphere, shown in 
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Figure 7.1 Today’s oxygen cycle showing three main reservoirs of storage for oxygen: 
(1) atmosphere, (2) biological, and (3) Earth’s crust. (After CMU, 2003.) 


Table 7.1 Major reservoirs of oxygen involved in the oxygen cycle. (Data based 
primarily on estimates from (Walker, J. C. G.; in: Wikipedia, 2017)) 


Reservoirs 

Capacity 

Flux in/out, Kg 
0 2 /year 

Residence time, 
years 

Atmosphere 

1.4 x 10 18 

3 x 10 14 

4500 

Biosphere 

1.6 x 10 16 

3 x 10 14 

50 

Lithosphere 

2.9 x 10 14 

6 x 10 14 

500 x 10 6 


Table 7.1, is the largest source of free oxygen. Today, approximately 99.5% 
of the Earth’s oxygen is bound with silicate and oxide minerals. Only a 
small portion of oxygen is found as free oxygen to the biosphere (0.01%) 
and atmosphere (0.36%) (Wikipedia, 2017). 


History of Free Oxygen in Earth’s Atmosphere 

As a free gas in the atmosphere, oxygen has only been present for the past 
2.3 to 2.4 BY. The development of free oxygen in the Earth’s atmosphere 
first appeared ~2.5 BY ago (Figure 7.2). The correlation by Govindjee and 











Development of Free Oxygen in Earth’s Atmosphere 101 


1/1 



< 

® i i - 1 i- 1 - 1 -1-1 i-1-1- 

4.5 3.7 3.2 2.4 2.2 1.6 1.2 1.0 0.5 0.4 0.2 0.0 

Ga before present (not to scale) 

Figure 7.2 Development of free oxygen in the atmosphere. (After Govindjee and Shevela, 
2011 .) 

Shevela (2011) estimated percent free oxygen concentration changes in 
the atmosphere with the major evolutionary events on the Earth is based 
on data presented by Falkowski (2006; 2011), Tomitani et al. (2006), 
Kump (2008), Blankenship (2002; 2010), and Hohmann-Marriott and 
Blankenship (2011). Uncertainties of the events in the evolution of life 
have been depicted with bars. There are several hypotheses as to when oxy¬ 
genic photosynthesis was first developed by primitive cyanobacteria-like 
organisms. Govindjee and Shevela (2011) have summarized the currently 
available data and depict (by a black bar) that the first cyanobacteria likely 
evolved as early as 3.2 BY ago or as late as 2.4 BY ago. 

The history of free oxygen in Earth’s atmosphere can be divided into 
several phases or stages as shown in Figure 7.3: (1) Stage 1— there was little 
if any free oxygen gas, O ,, in Earth’s atmosphere during the Hadean and 
early Archean times in significant quantities, until the beginning of the 
Proterozoic time. (2) Stage 2 —Early in the Proterozoic time there was still 
little free oxygen in either the atmosphere or dissolved in the oceans; how¬ 
ever, the percentage of oxygen increased slightly due to anaerobic bacterial 
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Figure 7.3 Buildup of partial pressure of oxygen in the Earths atmosphere over time. 
Solid and dashed lines represent the range of the estimates, whereas time is measured in 
billions of years ago (BY ago). Stage-1 - 3.85 - 2.45 BY ago, practically no oxygen in the 
atmosphere. Stage 2 - 2.45 - 1.85 BY ago, oxygen produced is absorbed in the oceans and 
incorporated in seabed rock. Stage 3 - 1.85 - 0.85 BY ago: more oxygen is produced than 
can be dissolved in the ocean water (oxygen starts to gas out of the oceans and is absorbed 
by the land surfaces and enriches the Earth’s atmosphere). Stages 4 and 5 - 0.85 BY 
ago - today, oxygen enriches the atmosphere. (Modified after Oxygenation-atm.svg: 
Heinrich D. Holland derivative work; in: Wikipedia, 2017, https://en.wikipedia.org/wiki/ 
Atmosphere_of_Earth.) 
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action. (3) Stage 3 —as a result of the increase of photosynthetic prokaryotic 
organisms in the oceans, bacteria living in the ocean waters produced more 
free oxygen, which was released as dissolved gas in the water, than could 
chemically form oxides (Much of this produced free oxygen by the bacteria 
was removed chemically by oxidation of metals, most notably iron.) Today, 
these oxidized iron deposits are found in the form of banded iron oceanic 
sediments on the ocean floor. The excess free oxygen that was not expended 
in oxidation exceeded the gas solubility of the ocean water and escaped 
into the Earth’s atmosphere. By the mid-Proterozoic time, oxygen began to 
appear in the Earth’s atmosphere in small quantities as shown in Figure 7.3. 
Stages 4 and 5, the development of plants, during the Phanerozoic time, 
significantly increased the percentage of free oxygen in the atmosphere 
(first in Stage 4 by plants within the ocean and later in Stage 5 when plants 
developed on dry land). The additional oxygen, produced by bacteria and 
plants, injected enough free oxygen into the ocean and atmosphere to begin 
killing off most of the anaerobic bacteria (Wikipedia, 2017). 

During the Pre-Cambrian time (Figure 7.3, Stage 4), prior to ~1.9 BY 
ago, the production of oxygen by the anaerobic bacteria was less than that 
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of the aerobic bacteria and plants. The generation of free oxygen during 
this era was primarily the result of generation of oxygen by cyanobacteria 
and microalgae. In the global oceans, there was an active absorption of oxy¬ 
gen by iron. The concentrations of free oxygen in the Earth’s atmosphere 
were less than 10% of today’s concentrations and appeared to have fluctu¬ 
ated greatly. Free oxygen even may have disappeared from the atmosphere 
again around 1.9 BY ago. The presence of free oxygen in the Earth’s atmo¬ 
sphere around 0.541 BY ago when aerobic prevailed over the anaerobic life. 
New opportunities on the surface of the Earth for the aerobic metabolism 
made them much more efficient than the anaerobic bacteria in the pres¬ 
ence of oxygen. As shown in Figure 7.3, since the start of the Cambrian, 
atmospheric oxygen concentrations have fluctuated between 15% and 35% 
of atmospheric volume. (https://en.wikipedia.org/wiki/Geological_his- 
tory_of_oxygen - cite_note-Bernerl999-10) A maximum of 35% was 
reached towards the end of the Carboniferous (-300 BY ago). 

During the Pre-Cambrian time, the Earth’s core separation process 
iron gradually migrated from the mantle into the Earth’s growing core. 
Simultaneously iron moved into and in contact with the hydrosphere 
through the oceanic rift zones. There, in the presence of carbon dioxide 
dissolved in the ocean water, oxygen was distributed throughout the entire 
ocean in the form of bicarbonate: 


4Fe + 2H z O + C0 2 —> 4FeO + CH 4 +41.8 kcal/mole (Eq. 7.1) 
FeO + 2C0 2 + FI 2 0 —» Fe(HC0 3 ) 2 (Eq. 7.2) 

Due to the metabolism of some ferro-bacteria species, hematite could 
have been converted to magnetite (F,0 4 ) which later was converted into 
many of the unique deposits of Pre-Cambrian Jaspillites. 

The evolution of the oxygen partial pressure in the Earth’s atmosphere 
over the past 4.5 BY is presented in Figure 7.4. This partial pressure curve 
of oxygen in Earth’s atmosphere is directly related to the types of plant 
biogenic and bacterial organisms and their oxygen release rate. Figure 7.5 
shows the atmospheric free oxygen partial pressure of oxygen for the past 
1 BY (Pre-Cambrian to Present). Prior to the appearance of dry land veg¬ 
etation, the free oxygen partial pressure was proportional with the ocean- 
water mass. Oxygen absorption had to be also proportional with the iron 
ore deposits earlier estimated by Sorokhtin (2004); Sorokhtin and Ushakov 
(2002). Figure 7.6 shows the total rate of iron-ore formation accumulation 
over the last 4.5 BY. 
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Figure 7.4 Oxygen partial pressure evolution in the Earth’s atmosphere (logarithmic 
scale). In Pre-Cambrian time, oxygen was generated only by the oceanic biota. In the 
Phanerozoic time additional oxygen was generated by dry-land vegetation. It is assumed 
that oxygen generation by Archaean prokaryotes ( cyanobacteria ) was by one order of 
magnitude lower than by Proterozoic eukaryote microalgae. 


0.25 -[ 



Figure 7.5 Atmospheric free oxygen partial pressure distribution over the last 1 BY 
(the present-day oxygen partial-pressure is 0.2315 atm.). (After Sorokhtin et al ., 2011, 
figure 12.10, p. 453.) 

The biogenic oxygen accumulation in the Earth’s atmosphere can be 
estimated by use of the following relationship: 


p( o 2 ) = 


aM 


bYe + c 


+ P(°2\ on t 


(Eq. 7.3) 
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Figure 7.6 Theoretical accumulation rate of the Pre-Cambrian iron-ore formations. 
Curve 1 - Total rate of iron ore formation, 10 9 t/year. Curve 2 - Metallic iron 
concentration in the convecting mantle, %. Curve 3 - Ocean surface position relative to 
the average standing level of mid-oceanic range ridges, km. 


where M is the water mass in the ocean (see Figure 4.11); Fe is the iron 
ore accumulation rate (see Figure 7.6); p(0 2 ) cont is the contribution by 
dry-land vegetation to the total oxygen partial pressure (in this estimate 
it was assumed that p(0 2 ) cont =0.1 atm.); factors a, b and c are selected so 
that the oxygen partial pressure in today’s atmosphere would be =0.231 
atm and for the atmosphere of 600 MY ago would have been lower by one 
order of the magnitude: =0.0231 atm. Using Eq. 7.3 (the logarithmic scale) 
enables comparison of the major stages in the evolution of Earth’s biota as 
presented in Figure 7.7 (microfossils) and Figure 7.8 (tree of life). 

Figure 7.6 demonstrates that every epoch of ferric deposition in the Pre- 
Cambrian corresponds to an oxygen partial pressure minimum. This can 
be explained when the oxidized iron is an active oxygen absorber. Also, 
oxygen partial pressure evolution can be compared with the major stages 
of the evolution of life on Earth as shown in Figures 7.7 and 7.8. New forms 
of life on the Earth have emerged following an increase in the atmospheric 
free oxygen partial pressure, i.e., after the end of the period accumulation of 
mass iron ore deposits. It should be noted that a change from thermophilic 
prokaryote to more cryophiles eukaryote microorganisms likely occurred 
due to substantial climate cooling in the Early Proterozoic. 

As metallic iron migrated from the Pre-Cambrian mantle and migrated 
toward the Earth’s core, biogenic oxygen began accumulating in the Earth’s 
atmosphere as shown in Figure 7.4; this led to a significant restructuring 
of the entire Earth’s biota and emergence of higher life forms (Sorokhtin 
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Figure 7.7 Major microfossil remains distribution in the Archaean and Early Proterozoic 
time (Semikhatov et al., 1999). Common in the Archaean were mostly singular globular 
and filamentary nanobacteria (1,2), trichomes and (3) possibly cyanobacteria filaments 
(4). The diversity of Early Proterozoic microfossils extends from cyanobacteria (4); (5-7), 
coccoid forms (8,9), trichomes (10) to impressions of large and morphologically complex 
(11-17), spiral (18), tape-like (19), round and globular (20) forms. (Sorokhtin et al., 2011, 
figure 15.3, p. 533.) 


and Ushakov, 2002). Figure 7.7 illustrates many of the changes in the 
major microfossil record in the Archaean and Early Proterozoic Eons. The 
increase in the free oxygen atmospheric partial pressure above 30 mbar 
was followed literally by an explosion in life’s biota variety at the begin¬ 
ning of the eon. This period is often referred to as the Cambrian Explosion. 
It was a time that the skeletal biotic forms and most major types of existing 
life emerged (Figure 7.8). The emergence and bloom of higher life forms on 
Earth appears to have been facilitated by a 20 °C decline of planet’s average 
near-surface temperature as supported by Eq. 2.26 and is thus related to a 
change in the Earth’s atmospheric pressure. 

The growth in the oxygen partial pressure in Late Riphaean and 
Phanerozoic (especially in the Mesozoic) was mostly compensated for by 
the decline, at the same time interval, of nitrogen’s partial pressure. After 
the broad evolution of flowering plants (the major oxygen “manufactur¬ 
ers” at the end Mesozoic), the atmospheric oxygen partial pressure reached 
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Figure 7.8 “Tree of life”. The evolution of life at the Proterozoic/Phanerozoic time 
boundary was like a biological explosion. (Attenborough, D., Life on Earth: A Natural 
History (1984); in: Sorokhtin et al., 2011, fig. 15-4, p. 534.) 


its maximum value and even temporarily exceeded the declining nitrogen 
partial pressure. However, the growth of the oxygen partial pressure could 
not be unlimited as its growth was controlled by negative feedback, sub¬ 
stantially stabilizing the free oxygen partial-pressure in the Earth’s atmo¬ 
sphere. Among the feedback items was the rotting of organic remains and 
forest fires, which bonded the atmospheric free oxygen to carbon, form¬ 
ing carbon dioxide. Thereafter, upon hydration of the Earth’s crustal rocks, 
were bonded in carbonates under reactions of: 


2CaAl 2 (Si 2 O g )(anorihte) + 4(H 2 0) + 2(CO z ) —> 
Al 4 {Si 4 O 10 }{OH} 8 (kaolin) + 2Ca{CO} 3 (calcite) 
+ 110.54 kcal/mole 


or: 


4Mg 2 (SiO) 4 (olivine) + 4(H 2 0) + 2(CO J —> 
Mg 6 {Si 4 O 10 }{OH} 8 (serpen tine) + 2Mg(C0 3 ) 
(magnesite) + 7 2.34 kcal/mole. 
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Time, BY 


Figure 7.9 Averaged evolution of Earths climates at a constant Earth’s precession 
angle of y = 24°. Curve 1 - Average Earths surface temperature at sea level estimated 
using Eq. 2.27. Curve 2 - Effective Earth’s temperature using Eq. 2.25. Curve 3 - Earth’s 
atmospheric greenhouse effect using Eq. 9.1. Curve 4 - The absolute black body 
temperature from Eq. 2.3 at a distance of Earth to the Sun describing the increase, with 
time, of the Sun’s luminosity, S. Curve 5 - Average Earth’s temperature assuming that there 
was no nitrogen consumption by bacteria. 
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Figure 7.10 Evolution of the Earth’s atmospheric composition and pressure evolution 
with time. The dashed line is the atmospheric pressure in the absence of bacterial 
consumption of nitrogen. 
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After reaching a stationary level of oxygen (approximately 230 mbar), 
nitrogen partial pressure continued to decline, and the atmospheric pres¬ 
sure in Cenozoic began to decline again, resulting in a decline in the atmo¬ 
spheric pressure and a cooling of the climate. 

The general decline in atmospheric pressure could not continue with¬ 
out limit, as =600 MY in the future, when a drastic increase in the partial 
pressure of the abiogenic oxygen is anticipated. This problem is the result 
of Earth’s core formation processes shown in Figure 7.9. The suggested 
increase in near-surface temperature, according to Eq. 2.26, will exceed a 
temperature of 180 °C resulting in the destruction of all life on the Earth. 
At this temperature and pressure, there can be no liquid water on the sur¬ 
face of the Earth. The variation of the Earths atmospheric composition and 
partial pressures for the life of the planet is shown in Figure 7.10. The only 
conclusion is that life on Earth is finite and will not continue forever. The 
time of existence for life on Earth will be =4.6 BY, with most of this time 
(=4 BY) having already expired with 0.6 BY remaining. 


The Evolution of Earth’s Climate. 
J. O. Robertson, G. V. Chilingar, O. G. Sorokhtin, N. O. Sorokhtin,W. Long. 
©2018 Scrivener Publishing LLC. Published 2018 by John Wiley & Sons, Inc. 



Development of Methane 
in Earth’s Atmosphere 


Methane the Gas 

Methane molecules have a high capacity to absorpt infrared photons. 
According to estimates of EPA, the GWP (Global Warming Potential) 
of methane is 21 times higher than the GWP of carbon dioxide over a 
100-year time span. Methane released into the atmosphere ascends to the 
upper layers of the troposphere where it reacts with ozone, ultimately pro¬ 
ducing (through chemical reactions) water and carbon dioxide: 

CH 4 +0 3 + solar radiation — >C0 2 +H 2 0 + H 2 (Eq. 8.1) 

Due to its much lighter molecular weight than that of the other compo¬ 
nents of the Earth’s atmosphere at sea level, hydrogen rises into the strato¬ 
sphere, whereas, because of their heavier molecular weight, water vapor 
and methane gas can only rise to the border of the troposphere and strato¬ 
sphere. The gases involved in Eq. 8.1 absorb infrared radiation from the 
Sun in different portions of the infrared spectrum (see Figure 9.4). The rate 
of oxidation of methane in the atmosphere depends on the availability of 
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the free OH radicals. The estimated life-time of methane, before it breaks 
down, in the atmosphere (as estimated by IPCC and adapted by the EPA) 
is in the range of 8 to 12 years. Thus, the effect of the release of methane gas 
into the atmosphere, is generating additional amounts of CO,. For every 
molecule of CH 4 in Earth’s atmosphere, 21 molecules of C0 2 are gener¬ 
ated. The effect of this additional release of methane into the atmosphere 
is the equivalent of an additional release of CO, which leads to a cooling 
of the Earth’s atmosphere due to the: (1) increased convection within the 
troposphere and (2) decreased total atmospheric pressure (see Eq. 2.26). 
Oxidation of methane is a primary source of water vapor in today’s upper 
troposphere. Therefore, methane gas together with the water vapor, help: 
(1) shield the Earth’s surface from the solar irradiation and (2) lower the 
average surface temperature of the Earth. 

Today’s major sources of methane entering the atmosphere are shown in 
the global methane cycle (Figure 8.1): (1) volcanic activity, (2) marshes and 
tundra, (3) rice paddies, (4) livestock, (5) hydrocarbons, i.e., production 



Figure 8.1 Today’s global methane cycle. (After Curtis, T., 2015 from C B Dunkerton, as 
estimated in Ar5; in: Skeptical Science, 2015.) 
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and burning, (6) natural gas migration to the Earth’s surface and (7) land¬ 
fills and waste. A great volume of methane is released in volcanic erup¬ 
tions and degassing of the mantle material. Yasamanov (2003) estimated 
that ~5 x 10 15 g of CH 4 are released yearly to oceanic water at the spread¬ 
ing zones of mid-ocean ridges. The quantity of methane released to the 
atmosphere from marshes and tundra is estimated between 5 to 70 x 10 13 g 
annually. From tundra, the amount of CH 4 released is about 4 x 10 13 g/year. 
Enteric fermentation contributes 2 to 20 x 10 13 g/year. The total amount 
of methane released annually into the atmosphere from natural sources is 
estimated at ~2 to 3 x 10 15 g. Methane is also generated because of many 
human activities. Rice paddies produce about 5 x 10 14 g of methane annu¬ 
ally. Oil and gas production, burning and related operations add up to 
9 X 10 14 g of methane annually, which is one order of magnitude lower 
than the amount of methane released from the natural sources. A great 
amount of methane is released to the atmosphere because of gas migra¬ 
tion to the Earths surface from coal, oil, and gas deposits and the Earths 
mantle (Khilyuk et al, 2000, and Robertson and Chilingar, 2017). The 
total amount from this latter source is unestimated, although it is likely 
=5 x 10 15 g/year. The burning of fossil fuels contributes 1 x 10 13 g/year of 
methane to the atmosphere. 

The content of methane in the atmosphere has been gradually increas¬ 
ing over the last century. Although the methane content constitutes only 
about 1.8 ppm in the Earths atmosphere, national and international policy 
makers have declared the methane gas extremely dangerous to the Earths 
climate because of a high potency (about 100 times more potent than C0 2 
over the time span of 20 years) of its molecules to absorb the infrared radi¬ 
ation. Together with the growing contents of C0 2 and other greenhouse 
gases, it is supposedly capable of causing drastic changes in the Earths 
climate. According to the conventional anthropogenic theory of global 
warming, due to the absorption of the infrared radiation by the molecules 
of the atmosphere, these molecules intercept infrared photons in the lower 
layer of troposphere, thus warming the Earth. This anthropogenic theory 
is the basis for strong political and economic actions against further expan¬ 
sion of fracking, e.g., used in the shale-gas production. Additional discus¬ 
sion about the effect of increasing the carbon dioxide content of the Earths 
atmosphere shows that increasing the carbon dioxide content will actually 
lower the Earths temperature and not increase it as many people errone¬ 
ously believe (see Chapter 10). 

Again, this conventional anthropogenic theory (backed and promoted 
by IPCC and other national and international organizations over the last 
25 years) has been based, without scientific support, solely on the phenomena 
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of heat transfer in the troposphere as only occurring by radiation, whereas 
in reality, it is convection and not radiation that is the overwhelming form 
of heat transfer in the troposphere as documented in Chapter 10. In the 
troposphere today, heat transfer occurs 67% by convection, 8% by radiation, 
and 25% by water vapor condensation (Sorokhtin et al, 2007). Moreover, 
analyzing the postulates in the incorrect conventional theory, it com¬ 
pletely ignores the fact that many molecules of the greenhouse gases (H .O, 
for example) intercept the infrared solar irradiation in the upper layers of 
stratosphere and not in the troposphere where the methane is located. 


Historic Levels of Methane in the Earth’s Atmosphere 

Methane and ammonia are important trace gases in the Earths atmo¬ 
sphere. Methane and ammonia were present at the initial stages of the 
Earth’s development (see Figure 5.1). The methane content in the Earth’s 
atmosphere today is 0.00017% (1.7 parts per million by volume). As one 
of the greenhouse gases of the Earth’s atmosphere, methane traps a sig¬ 
nificant amount of IV radiation. Today’s quantity of methane in the atmo¬ 
sphere is the result of a balance between production on the Earth’s surface 
and destruction in the atmosphere. The source of the Earth’s methane is: 
(1) when organic matter decomposes in oxygen-poor environments, e.g., 
marshes, rice paddies, or the digestive systems of herbivores; (2) from 
combustion, e.g., burning, of hydrocarbons; and (3) from inorganic reac¬ 
tions (consequently termed abiogenic methane). 

Early in the Earth’s history, about 3.5 BY ago, there was 1,000 times as 
much methane in the atmosphere as there is today (see Figure 5.1). The ear¬ 
liest methane that was released into the atmosphere appears to be the result 
of volcanic activity. The first bacteria contributed methane to the atmo¬ 
sphere by converting hydrogen and carbon dioxide into methane and water. 

The emergence of the Precambrian iron ore formations is based on the 
iron-oxidizing processes by thermal dissociation of the C0 2 -saturated oce¬ 
anic waters and hydration by the same waters of iron-containing oceanic 
crust rocks. In these processes, methane was also generated: 


4Fe+ 2H ? 0+ CO z —»4FeO + CH 4 +41.8 kcal/mol 
FeO + 2CO, +H 2 0 -> Fe(HC0 3 ) 2 


Today, the mantle does not contain free iron. The methane generation 
from the oceanic rift zones historically occurred during the hydration of 
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the oceanic crustal rocks containing bivalent iron, mostly according to the 
following reactions: 

4Fe 2 Si0 4 (fayalite) +12Mg 2 Si0 4 (forsterite) +18H 2 0 + CO z —> 
4Mg 6 (SI 4 O 10 )(OH) g (serpentine) + 4Fe 2 0 3 (hematite) 

+ CH 4 +183.4 kcal/mol. (Eq. 8.3) 

Due to isotope fractioning between the carbon dioxide and methane, 
methane was enriched in the light isotope 18 C, whereas the heavy iso¬ 
tope 13 C mostly migrated to carbon dioxide. Such isotope shifts occur, 
for instance, in the hydrotherms of the black smokers which arise on 
serpentinites. Methane in such sources usually has d 13 C « -13 to -14%o, 
whereas the oceanic water-dissolved HCO, and CO, have the shifts close 
to d 13 C = -5.5%o (Sorokhtin et al, 2001). This indicates that the isotopic 
exchange between carbon dioxide and methane occurs according to the 
following reaction: 

12 C0 2 + 13 CH 4 -+ 13 C0 2 + 12 CH 4 +0.412 kcal/g (Eq. 8.4) 

in the direction of lowering <5 13 C in methane. 

As the iron ore formations were highly developed in Precambrian, it is 
expected that the iron released from the mantle to the hydrosphere, as well 
as the hydration of the iron silicates occurred as described by Eq. 8.3. This 
was followed by profuse abiogenic methane generation. 

The maximum iron transport to the ocean was accompanied by a maxi¬ 
mum methane generation rate. This iron oxide release, in turn, resulted in 
increasing the mass of the methane-consuming bacteria. The iron oxide 
release may be described as follows: 

Fe + H 2 0 —> FeO + H 2 + 5.84 kcal/mol (Eq. 8.5) 

Fractioning of carbon isotopes always produces a lighter meth¬ 
ane isotopic composition, and, hence, a lighter carbon composition in 
organic matter C org in the bacteria which consumed this methane. This is a 
likely explanation of the extremely low shifts from -50%o to ~ -80 d 13 C org 
in the methane-consuming bacteria. It may also explain local minima in 
d 13 C org distribution at the time when the largest mass of the iron ore forma¬ 
tions was deposited at the end of the Archaean and in the Early Proterozoic 
time. 
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Time (BY) 

Figure 8.2 Carbon isotopic shifts in organic matter versus epochs of the Precambrian 
iron-ore formations. Upper diagram: <5 13 C and <5 13 C , distributions in the Earth’s 

t r o org carb 

evolution (Schidlowski, 1987). Lower diagram. The two most outstanding Precambrian 
iron-ore formation deposition epochs clearly correspond with the two local minima on 
the envelop of the minimum <5 13 C org values. Unfortunately, the upper diagram does not 
include their complementary positive <5 13 C carb anomalies which reached +8 to +ll%o PDB 
in the Early Proterozoic time (Semikhatov et al., 1999). 


When examining the carbon isotopic shift in organic matter distribu¬ 
tion, one can observe the epochs of the massive iron ore deposition on the 
ocean floor corresponding with a minimum in the organic carbon <5 13 C 
shift. However, despite a smaller intensity of jaspelite formation rate in the 
Late Archaean, the d 13 C org isotopic minimum amplitude was the largest at 
that time. 

Every epoch of massive iron ore sedimentation on the ocean floor cor¬ 
responds to a minimum rate in the Late Archaean time, the d 13 C org isotopic 
minimum amplitude was the largest. The reason for this may be the exis¬ 
tence in the Archaean time, of a high percentage of carbon dioxide in the 
atmosphere, whereas in the Early Proterozoic time the CO, partial pressure 
had declined, and the rate of methane generation had decreased. 

The time iron ore accumulations in the Late Archaean and Early 
Proterozoic time also corresponds to the two periods of broad stromat¬ 
olite development (Figure 8.3). Most likely, the nutrition base for the 
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N 



Billion years Billion years 

(a) archaean (b) Paleo-proterozoic 


Figure 8.3 Changing of the number of stromatolithic formations in Archaean (a) and 
Proterozoic (b). (After Semrkhatov et al., 1999.) N represents the number of formations 
with stromatoliths. The Archaean stromatoliths are much smaller in mass than the Early 
Proterozoic ones (“Paleoproterozoic” by Semikhatov). (After Sorokhtin et al, 2011, p. 455, 
figure 12.12.) 


stromatolites was the abiogenic methane generated in the metallic iron 
oxidation process according to the reaction of Eq. 8.2 and hydration of the 
iron silicates according to the reactions like Eq. 8.3. 

The abiogenic methane generation rate m(CH 4 ) tends to be controlled 
by the oceanic crustal formation rate (Dmitriyev et al., 2000; Sorokhtin 
et al, 2001) equal to V(H b +H sp )p, where V is the oceanic crustal area 
increase rate in the rift zones (see Figure 8.4, Curve 3); H h and H are, 
respectively, the oceanic crust’s basalt-gabbroid and serpentinite layer 
thickness; and p ~ 2.9 g/cm 3 . During the epochs of the mass iron ore for¬ 
mation deposition, additional methane release occurred at a rate propor¬ 
tionate to the iron (F ) ore accumulation rate in these formations. 

In the Precambrian rift zones, the methane generation occurred due 
to the hydration of iron silicates under reactions like Eq. 8.3 as well as 
due to the participation of the free (metallic) iron under reaction Eq. 8.2. 
Both reactions proceeded within the oceanic crust upon hydration of its 
rocks by the oceanic water. There is a possibility that similar reactions 
occurred during the Archaean time because the saturation of the primor¬ 
dial regolite with rain water was saturated with carbon dioxide, as the rego- 
lite at that time covered a significant portion of the Earth’s surface (see 
Figures 8.5B, 8.5 C and 8.6). 
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Figure 8.4 Tidal energy release: Curve 1 - in Earth; Curve 2 - in mantle; and Curve 3 - in 
hydrosphere. (After Sorokhtin et al, 2011, fig. 5-10, p. 178.) 


Normalizing the calculation results to a single scale can be done by nor¬ 
malizing all methane generation reactions to their unit mass. For example, 
using the iron oxidization reaction (Eq. 8.2) one mole of methane (16 g) 
within the rift zones and primordial regolite, forms because of the combi¬ 
nation of 304 g of the required reagents to generate this reaction. Thus, the 
scale factor for this reaction is: k = 16/304 = 0.0526. Similarly, the oceanic 
crust iron-containing rock and regolite hydration reactions are: 

4Mg, (Si0 4 )(forsetrite) + 4H 2 0 + 2(C0 2 ) —> 

Mg 6 (Si 4 O 10 )(OH) 8 (serpentine) + 2Mg(C0 3 ) + 65.05 kcal/mol 
2CaAl,Si 2 O s (amorite) + 4H 2 0 + 2 (CO z ) —» 

A 14 (Si 4 O 10 )(OH) 8 (kaolin) + 2Ca(C0 3 )(calcite) +110.54 kcal/mol. 

(Eq. 8.6) 


has a scale correction factor, n = 16/2876 = 0.00556. The abiogenic meth¬ 
ane generation rate, with the excess of C0 2 , may be presented as: 


d{ CH 4 ) 


= 0.8 x 10 15 UpnC Fe0 (Hsp + 0.12 H b ) 


c s ^ 

_ 2 . 

V^G J 


+ 0.1 k 


d(Fe ) 

v dt 
(Eq. 8.7) 




dt 
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(a) 



4.6 BY 





(f) (3.25-2.0) BY 


(h) Present-day earth 


Figure 8.5 Earth structure evolution: (a) the young Earth and moon formation; 

(b-f) consecutive stages of the Earth’s core separation and formation; (g) present-day 
Earth. The dashes represent the primordial matter; solid black is iron and its oxides 
melts; white is the Archaean time depleted mantle impoverished in iron, its oxides, and 
siderophilic elements; the dots are the current-type mantle; and the boxes are continental 
massifs. (After Sorokhtin et al., 2011, fig. 4.1, p. 117.) 


where S Q is the oceanic crustal area (see Figure 8.6); S G = 5.1 x 10 18 cm 2 is 
the Earth’s surface area; C, „ is the ion-oxide concentration in the mantle 
matter and the oceanic crust (see Figure 8.7); factors 0.1 and 0.8 relate to 
the recovery extent of a given component (Fe0 2 ■ FeO from the oceanic 
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Area of earth = 5.1*10 18 cm 2 



Time (BY) 

Figure 8.6 Evolution of the areas of the oceans and continents with time. (Sorokhtin 
et al., 2011, figure 7.4, p. 245.) 



Figure 8.7 Evolution of major petrogenic elements and compounds in the convecting 
mantle. (After Sorokhtin et al., 2011, figure 4.16, p. 145.) 


crust layers). Using Eq. 8.3, the methane generation in today’s oceanic 
crust is 1.86 x 10 12 g/year. This is close to the values obtained by Dmitriyev 
et al. (2000) of ~2 x 10 6 t/year (or 2 x 10 12 g/year). The calculated results 
can be compared with organic carbon isotopic shifts in Figure 8.8. The 
Precambrian iron ore deposition and methane accumulation clearly cor¬ 
respond to the two minima on the envelope of the minimum <$ 13 C values. 
















































Development of Methane in Earth’s Atmosphere 121 



Figure 8.8 Abiogenic methane generation in the oceanic crust plotted using Eq. 8.7 
compared with the carbon isotopic shifts in organic matter. Upper diagram: <5 13 C org and 
<S 13 C carb distributions versus time (Schidlowski, 1987); lower diagram: abiogenic methane 
generation rate. Two most outstanding Precambrian iron-ore formation deposition and 
methane accumulation epochs clearly correspond with the two local minima on the 
envelop of the minimum <5 13 C org values. (After Sorokhtin et al., 2011, figure 12.11, p. 456.) 


As shown in Figure 8.8, the generation of abiogenic methane in the 
oceanic crust =4 BY ago, reached 10 million tons per year, and then rap¬ 
idly declined to a few million tons per year in the Mid-Archaean time. 
Later, due to the beginning of the Earth’s core separation (see Figure 8.5D 
and 8.5E) and a significant increase in the tectonic activity (see Figure 5.2), 
the generation of methane (see Figure 8.8) significantly increased and by 
the end of the Archaean time reached maximum value of about 120 million 
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tons per year. During the Archaean and Proterozoic time, tectonic activity 
diminished significantly along with methane generation (=40 million tons 
per year). Massive deposition of iron ore formations began in the Early 
Proterozoic (=2.2 BY ago) as indicated (Fe) in Figure 8.7. This resulted 
in renewed intensification of methane generation of =90 million tons per 
year. Subsequently, the abiogenic methane formation gradually decreased 
to today’s rate of 1.8 million t/year. This process will stop in =600 million 
years, when, due to the Earth’s core separation process, the mantle becomes 
totally devoid of bivalent iron. 

There is a strong correlation between the organic carbon isotopic 
shift and methane generation rate. As a result, there are massive Early 
Precambrian iron ore formations. This is logical as iron oxidizing under 
the reaction of Eq. 8.2, and its further accumulation in iron ore formations, 
is accompanied by generation of the abiogenic methane. 

Inasmuch as methane is the nutrition base for the cyanobacteria and 
methane-consuming bacteria, it left noticeable traces in the geological 
record. Due to carbon isotope fractionation in the exchange reactions 
between carbon dioxide and methane according to the following reaction: 

12 C0 2 + 13 CH 4 -a 13 C0 2 + 12 CH 4 +0.412 kcal/g(CH 2 ) (Eq. 8.8) 

This shows that methane is always enriched in the light carbon isotope. 
The remaining carbon dioxide later migrates to the carbonates to became 
isotopically heavier. For that reason, organic matter formed from methane¬ 
consuming bacteria will always have a lighter carbon isotope composition, 
sometimes as low as S u C org «-50"/ oo and lower. 

This phenomenon may have been the cause of the local d 13 C org distri¬ 
bution minima exactly at the times when the iron ore formations were 
deposited at the end of the Archaean time and Early Proterozoic time at 
the greatest rate. 

Accelerated methane generation during the deposition of the massive 
iron ore formations must have affected the evolution intensity of stromato¬ 
lites (Figure 8.3), which are the remains of laminated bacterial mates (films). 
If so, a noticeable fraction of these films was formed by methane-consum¬ 
ing bacteria. The bloom of these life forms must have occurred during the 
massive deposition of the iron ore formations and profuse methane gen¬ 
eration. Semikhatov et al. (1999) indicated that this time interval is marked 
by a burst in the growth of stromatolite buildups (see Figures 8.3 and 8.8). 

A portion of the abiogenic methane could have concentrated in accu¬ 
mulations of oceanic deposits of gas-hydrates. Massive shungite deposition 
occurred in Karelia during the Late Jatulian time (the second half of Early 
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Proterozoic time). The shungites are coaly matter that are likely graphitized 
remains of previous hydrocarbon accumulations. 

Beside the generation of methane in the oceanic rift zones, a nonre¬ 
curring abiogenic methane release into the atmosphere occurred at the 
beginning of Archaean time due to the hydration of the ultramafic rego- 
lith still covering most of the planet (see Figures 8.5B, 8.5C and 8.6). The 
methane release intensity may be estimated by assuming that over a period 
of 100 MY, from =4.0 to 3.9 BY ago, the Earth’s entire primordial layer 
of regolith was soaked with rainwater containing carbon dioxide. The ini¬ 
tial iron concentration of the regolith was =13%, and its oxides, =23%. In 
this situation, with the excess of C0 2 in the water, the original atmospheric 
methane pressure maybe determined as: 


P(ch 4 ) 


f 

p r h r (0.l3k + 0.23n) 

V 



10 3 SJ 


(Eq. 8.9) 


wheretheregolithdensity(byanalogywiththelunarregolith)is p r ~ 2 g/cm 2 ; 
his the unknown thickness of the rainwater-soaked regolith layer; Sr is the 
area covered by the regolith (see Figure 8.6); S G = 5.1 x 10 18 cm 2 is the Earth’s 
area. In the methane formation reactions (Eq. 8.2 and Eq. 8.3), the limit¬ 
ing factor is the mass of the degassed carbon dioxide. The authors estimate 
that by the time 3.9 BY ago, m(C0 2 ) = 6.4 x 10 20 g of carbon dioxide was 
degassed from the mantle. With the assumption that all this gas was spent for 
methane generation, its mass would then be m(CH 4 ) = m(COj x 16/44 = 
2.33 x 10 20 g, and its partial pressure would not exceed p (cm) ~ 46 mbar. This 
methane pressure calculated using Eq. 8.9 corresponds to a carbon dioxide 
rainwater-soaked regolith layer of 37.5-m thick. The p (CH4) estimate appears 
to be maximal. The actual methane partial pressure at the beginning of 
Archaean time was lower, but most likely no lower than 20 mbar. 

Methane could not accumulate in the sea basin water in the locations where 
it was generated (within the primordial regolith and outside the sediment 
sequences). Thus, it was released directly into the atmosphere making the 
Earth’s atmosphere very reducing. Therefore, the atmosphere at the beginning 
of the Early Archaean time was significantly reducing and the atmospheres 
composition was carbon dioxide-nitrogen-methane. Subsequently, in about 
100 MY after the total hydration of the primordial regolith, the Archaean 
atmospheres reducing potential must have declined due to methane photo¬ 
dissociation by solar radiation with the formation of formaldehyde: 


CH 4 + CO 2 + hv — ^ 2HCOH(formaldehyde). 


(Eq. 8.10) 
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Besides, being affected by the solar ultraviolet (UV) radiation, meth¬ 
ane was also oxidized in the humid and warm Early Archaean atmosphere 
according to the following reaction: 

CH 4 +H 2 0 + hv ->CO + 3H 2 , (Eq. 8.11) 

with the hydrogen evaporating. Therefore, the Earth’s Archaean atmo¬ 
sphere became a carbon dioxide-nitrogen one, with a minor methane con¬ 
tent and at the equilibrium humidity content. 

As Galimov (2001) has shown, for life to have emerged abiogenically, 
some simple source organic compounds had to have first accumulated. 
One such compound may have been formaldehyde, which as methane 
formed during the iron oxidation: 

2Fe + H^O + CO, —> 2FeO + HCOH(formaldehyde) + 3.05 kcal/mol. 

(Eq. 8.12) 

Beside the formaldehyde, because of the thunderstorm discharges in the 
Earth’s Early Archaean reducing atmosphere, with its nitrogen and meth¬ 
ane composition, another link in the chain of primary life, the hydrogen 
cyanide, must have emerged: 

N 2 + 2CFI 4 + Q —> 2FICN(hydrogen cyanide) + 3H, (Eq. 8.13) 

where Q = 26.6 kcal/ mol is the part of the thunderstorm discharge energy 
absorbed by the Eq. 8.13 reaction. Early in the Archaean time (=3.9 BY 
ago) bacteria probably had not yet emerged. If so, the isotopic shifts in 
organic matter at that time were determined only by the properties of 
the reactions like Eq. 8.2 and 8.3 with no addition of isotopic shifts due 
to the bacterial metabolism. Apparently, these oldest Earth’s rocks were 
populated by bacteria only somewhat later and with no participation of 
the abiogenic methane. That may be one reason why the carbon isotopic 
ratios about 3.9 to 3.8 BY ago in the Shidlovsky diagram have slightly ele¬ 
vated d 13 C values when compared to subsequent epochs (see Figures 8.2 
and 8.8). 

The evolution of abiogenic methane partial pressure in the atmosphere 
was developed by the authors using Eqs. 8.1 and 8.8 with results are pre¬ 
sented in Figure 8.9. To make the characterization of the methane genera¬ 
tion on Earth more complete, Eq. 8.8 must be amended by: (1) the addition 
of swamp methane in northern Eurasia and Canada, (2) methane generated 
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Figure 8.9 Atmospheric methane partial pressure versus time: Curve 1 - methane 
generation in the oceanic crust and Curve 2 - total methane generation in the oceanic 
crust and on the continents. (After Sorokhtin et al, 2011, figure 12.14, p. 459.) 


by soil-bacteria in the humid tropical areas, and (3) methane seeping up 
from the continental hydrocarbon accumulations. 

It is assumed that the process of evolution of partial pressure of meth¬ 
ane began about 1.8 BY ago. Today, Earth’s atmospheric methane partial 
pressure is p o ~ 1.216 x 10“ 6 bar (log p o ~ -5.92). Thus, one can calculate 
the total methane partial pressure in the Earths atmosphere. The authors 
estimate is that todays methane generation on the continents is 3.3 times 
that generated by the oceanic crust. The methane partial pressure has fluc¬ 
tuated during the Earth’s evolution by at least four orders of magnitude 
(Figure 8.9). 

Methane is an unstable hydrocarbon gas and under normal circum¬ 
stances rapidly decomposes. For example, the dissolved gas from the oce¬ 
anic water: (1) escapes into the atmosphere; (2) rises to the stratosphere; 
(3) rapidly decomposes when it encounters hard solar radiation and breaks 
down into carbon dioxide; and (4) remains within the atmosphere as 
carbon dioxide: 


CH 4 + 2H 2 0 + hv —» C0 2 + 4H 2 (Eq. 8.14) 

CH 4 + 20H + hv -> C0 2 + 3H 2 


(Eq. 8.15) 
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Within the oceanic water, methane is consumed by bacteria and then 
released as a carbon dioxide gas byproduct. Also, when the bacteria die, 
their organic material breaks down into heat, carbon dioxide and water: 

CH 4 + bacteria —> CO, + (OM). (Eq. 8.16) 

In the Early Precambrian active metamorphism zones, the direct reduc¬ 
tion of methane to carbon occurred with the formation of coaly matter 
(combustible shales, shungite and even graphite). In the late Precambrian, 
especially in the Phanerozoic time, direct methane oxidation occurred: 

CH 4 +40 2 —>2H,0 + C0 2 +131.2 kcal/mol. (Eq. 8.17) 

Despite all these losses, the methane remaining in the sedimentary 
sequences, especially in the absence of oxygen, could form hydrocarbon 
accumulations, including gas hydrates. More complex hydrocarbons were 
also formed from the methane. Lein and colleagues (1998, 2000) believe 
that the black smoker sulfide ores are a unique target for studying gen¬ 
esis of organic matter. The chemical peculiarity of hydrothermal systems 
which include dissolved H„ H 2 S, CH 4 , NH 4 , Fe 2+ , Mn, + , CO, CO, the NaCl 
electrolyte, and sulfide minerals as a solid phase (electrodes) gives rise to 
a possibility of organic compound bacterial synthesis on the sulfide min¬ 
eral matrix in this giant electrochemical cell. Lein et al. (1998) studied 
lipid fractions in hydrothermal springs using single-dimensional and bi- 
dimensional chromatography and noted that all similar samples included 
a broad range of neutral lipids and phospholipids, and that in the water- 
methanol medium, proteins and DNAs. 

Mass-spectrometric analysis of the lipid fractions from the organic mat¬ 
ter in sulfide ores confirms the presence of biogenic components, includ¬ 
ing cellular material of microorganisms. Fatty acids from the present-day 
sulfide ores are compositionally close to lipids from the biomass of che- 
moautotroph bacteria within the hydrothermal community in the active 
fields of mid-ocean ridges (Lein et al, 1998; Lein and Sagalevich, 2000; 
Perisypkin et al, 1998). 


Monitoring of Methane Gas Emissions 

Rossenfoss (2015), in an excellent article, discussed the need for better 
monitoring of methane gas emissions. According to the EPA, the natural 
gas emissions would rise by 25% by 2025 without further action. 
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According to the EPA, since 1990, the industries’ natural gas emissions 
are down by 16%. Rossenfoss (2015) stated that this was mainly due to: 
(1) reduced emissions from controlled devices, (2) installation of plunger 
lift systems, and (3) green well-completion methods, which capture gas 
that once escaped from the fluids, flowing back after fracturing. 

Based on the study done by the consulting firm ICF (commissioned 
by EDF), the added cost, using available technology, of a 40% reduction 
in emissions from natural gas production processing and delivery system 
would be about 1 cent per MCF produced. 

Rossenfoss (2015) showed that great strides have been made by oil/gas 
companies in the field of emission control. The conclusion was that opera¬ 
tors should regularly monitor and maintain their gas-producing wells and 
equipment. 
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The Greenhouse Gases 

Today, the Earth’s atmosphere is primarily composed of nitrogen, oxygen, 
and argon, which constitute the primary gases of its atmosphere. Other 
gases present in the Earths atmosphere are often referred to as trace gases, 
among which are the group of gases recognized as the greenhouse gases. At 
the Earth’s surface, the atmosphere also includes a variety of trace amounts 
of human introduced chemical compounds. Also many substances of 
natural origin may be present in miniscule amounts, e.g., as aerosol in 
an unfiltered air sample, including dust of mineral and organic compo¬ 
sition, pollen and spores, sea spray, and volcanic ash. In some industrial 
areas, various industrial pollutants also maybe present as gases or aerosol, 
such as chlorine (elemental or in compounds), fluorine compounds and 
elemental mercury vapor. Sulfur compounds, e.g., hydrogen sulfide (H 2 S), 
and sulfur dioxide (S0 2 ), which may be derived from natural or industrial 
sources. 
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The term greenhouse gas, GHG, used in this book, is defined as a gas in 
the Earth’s atmosphere that absorbs and emits radiation within the thermal 
infrared range. This process of absorbing energy from the Sun is the fun¬ 
damental effect of what is referred to as the greenhouse effect. The primary 
greenhouse gases in Earth’s atmosphere are water vapor, carbon dioxide, 
methane, nitrous oxide, chlorofluorocarbons (CFCs) and hydrofluorocar¬ 
bons (incl. HCFCs and HFCs). Some people also include ozone as a green¬ 
house gas; however, due to its significance, it has been separately discussed 
in Chapter 11. 

The Classic Greenhouse Effect 

The greenhouse effect, AT is the difference between an average planet’s sur¬ 
face temperature, T, and its effective surface temperature, T, at which this 
planet can be seen from outer space: 

AT = T s -T e (Eq. 9.1) 

As average surface temperature for Earth is approximately 288 K or 
+15 °C, and for Earth under the classical variant where the precession 
angle, ig = 0°, T e = 255 K or -18 °C, the greenhouse effect on Earth is cur¬ 
rently recognized as 33 °C. However, in consideration of Earth’s current 
precession angle, \|/ = 23.44° and T e = 263.5 K (or -9.5 °C) the greenhouse 
effect is much lower, -AT = 24.5 °C. 

Figure 9.1 illustrates how energy from the Sun is reflected and/or 
absorbed and then radiated from the Earth’s surface and atmosphere. The 
absorption of energy from the Sun’s light waves by the greenhouse gas mol¬ 
ecules, lengthens the light wave as the energy is absorbed by the gas, which 
is then emitted from the gas molecule with a longer wave length. In gen¬ 
eral, shorter electromagnetic waves carry more energy than longer ones. 
A portion of this energy is absorbed by the greenhouse gas molecules in 
the Earth’s lower atmosphere, increasing the rate of vibration (tempera¬ 
ture) of molecules. This process of the greenhouse molecules absorption of 
energy, increasing the vibration (temperature) of the molecules, is referred 
to as the greenhouse effect. 

When the concentration and/or pressure of the greenhouse gases in 
the atmosphere change, the amount of energy that can be absorbed by 
the atmosphere also changes. However, changing the concentration of 
a gas in the atmosphere can also change the partial pressure of that gas 
component, which contributes to the total atmospheric pressure. Eq. 2.26 
establishes that changes in pressure affect the absorption of energy by that 
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Earth's energy budget 
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Figure 9.1 Schematic illustration showing the distribution of energy carrying light waves 
from the Sun to the Earth. (After Lightle, 2008.) 


gas. In summary, increasing the gas concentration of carbon dioxide, can 
result in less absorption of energy if the atmospheric pressure remains the 
same. Figure 9.2 demonstrates how additional cloud cover can decrease the 
Earth’s surface temperatures by reflecting more (albedo) energy carrying 
wave away from the Earth’s surface. An excellent example of this albedo 
effect occurs as a result of volcanism where ash is injected into the atmo¬ 
sphere, reflecting more energy from the Earth, resulting in the cooling of 
the Earth. 

The Earth’s radiation budget is a concept that Lightle (2008) presented 
which helps us understand the quantity of energy that the Earth receives 
from the Sun, and how much of that energy the Earth absorbs and then 
radiates back to outer space (see Figure 9.1): 

The Greenhouse Gases 

The dominant atmospheric gases that absorb energy include carbon diox¬ 
ide (C0 2 ), methane (CH 4 ), nitrous oxide (N0 2 ), methane (CH 4 ), water 
vapor (H,0), ozone (0 3 ) and any fluorocarbons. The details of what wave¬ 
lengths each gas can absorb is shown in Figure 9.3. Also shown in this fig¬ 
ure is the ability of the whole atmosphere (all gases) to absorb specific wave 
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Figure 9.2 Schematic of how clouds affect cooling and warming of the Earth. (After 
NASA, 2017.) 

1 

0 
1 

0 
1 

>, 

!> 

Q. 0 

O 1 
I 

_Q 
< 

0 

1 

0 
1 

0 

0.1 0.2 0.3 0.4 0.5 0.8 

Wavelength (microns) 


i Methane 

A Jt CH * 

JLjJ 

Nitrous oxide 
N 2 0 


A 

Oxigen, 0 2 
& Ozone, 0 3 



• Carbon 
■ Dioxide 
. cJ CO, 

MJ 


r y Water vapor 

; v /"' 0 


Liw 


V\ 

1 V Total 

/ atmosphere 


1 1.5 2 3 4 5 6 8 10 20 30 


Figure 9.3 Wave length radiation absorptivity for various gases of the atmosphere. 

An absorptivity of zero means no absorption, while a value of one means complete 
absorption. The dominant gas absorbers for infrared radiation are water vapor and carbon 
dioxide, oxygen and ozone. (After J. N. Howard, 1959: Proc. I.R.E. 47, 1459; and R. M. 
Goody and G.D. Robinson, 1951: Quart. H. Roy. Meteorol. Soc. 77, (153); in: http://www. 
meteor.iastate.edu/gccourse/forcing/images.html.) 

























The Effect of the Greenhouse Gases 133 


lengths. The dominant absorbers of infrared radiation are water-vapor, 
carbon dioxide, oxygen and ozone. These gases in the atmosphere are not 
pollutants as identified by some, but are natural and without them life on 
the Earth would not be possible. 

Some of the radiated heat released by greenhouse gases reaches the 
Earth’s surface, along with heat from the Sun that has penetrated the atmo¬ 
sphere. Both the solar and radiated energy are absorbed by the Earth’s sur¬ 
face and its atmosphere and reemitted at longer wave lengths; some of this 
energy from waves reflected from the Earth’s surface are again reabsorbed 
by greenhouse gases in the atmosphere, perpetuating the cycle. It is thought 
by some that the greater the concentration of these gases will always result 
in more heat being absorbed by the Earth and, consequently, the warmer 
the Earth’s surface. Eq. 2.26 demonstrates that if the total atmospheric 
pressure increases, more heat will be absorbed by the atmosphere and, like¬ 
wise, if the total atmospheric pressure decreases less heat will be absorbed. 
Changing the atmospheric composition and keeping the total pressure the 
same by the addition of a gas with a lower partial-pressure will lower the 
Earth’s ability to absorb energy or its temperature. 

According to many scientists, without the greenhouse effect, which 
smooths out the atmospheric temperature extremes, the Earth’s sur¬ 
face temperature would be 5 °F rather than 59 °F. The greenhouse effect 
has been going on, throughout the Earth’s history for the past 4.5 BY. 
The French mathematician, Joseph Fourier, first recognized the green¬ 
house effect in 1824 (Mester, 1996). At the end of the nineteenth century, 
Arrhenius (1896) presented a hypothesis on heating of the atmosphere by 
increasing the content of carbon dioxide, ignoring the effect it would have 
on the total atmospheric pressure. Even though it is incorrect, for a long 
time his hypothesis has been accepted as factual. Unfortunately, it has been 
incorrectly used to predict disastrous effects by increasing the absorption 
of heat in the atmosphere, e.g., carbon dioxide. This never verified concept 
is still believed by many today, even though it has been shown to be wrong 
(Greenhouse Effect, 1989; Green Peace Report, 1993; Budyco, 1997). 

Along the same line, some environmentalists have erroneously pre¬ 
dicted that increasing the concentration of greenhouse gases will acceler¬ 
ate climatic change, earthquakes, heavier storms, etc., and that the global 
surface temperature could rise from 1 to 4.5 °F over the next 50 years, and 
2.2 to 10 °F in 100 years, e.g., Kyoto Protocol (1997), without any creditable 
scientific proof. They predict that this proposed rise in temperature would 
increase evaporation, which, in turn, will increase the global precipitation 
and more intense rainstorms around the world would occur. These pro¬ 
posed elevated global temperatures would increase melting of Arctic and 
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Antarctic ice, resulting in a rise of the Earth’s sea levels over 0.6 m, flood¬ 
ing the coastal areas over the next 50 years. All these disastrous climatic 
changes have been attributed to increasing the greenhouse gas concen¬ 
tration in the atmosphere without scientific support or understanding of 
thermodynamics. Therefore, over the past 50 years, their dire climatic pre¬ 
dictions have never happened. Yet today we see many individuals making 
similar unfounded claims, blaming any recent climatic problems on the 
increase of anthropogenic carbon dioxide emissions without verification. 
Serious analyses and critique of these fallacious environmental predictions 
have been made, based upon geologic history and scientific analysis, by 
Robinson et al. (1998), Sorokhtin (2001a, b), and Khilyuk and Chilingar 
(2003, 2004, 2006). 

An examination of many of these theories shows a lack of understand¬ 
ing of thermodynamics. Some of these numerical calculations and sev¬ 
eral climatic predictions have often been based on intuitive models, using 
poorly defined parameters (Greenhouse Effect, 1989). Examination of 
these environmental models reveals inherent uncertainties in the model 
parameters (several models contained at least 30 such parameters) making 
the numerical solution of the problem itself questionable. 

Our investigation of the greenhouse effect is based on the scientific rela¬ 
tionships of the physical parameters, including the description of the mass 
and heat transfer within the atmosphere, i.e., synergetic approach (Haken, 
1980,1983; Prigozhin andStengers, 2003). Many of these future predictions 
of the Earth’s temperature, ignoring the thermodynamics of the atmosphere 
over the past 40 years, have proven to be incorrect. Today, globally there 
are polar ice caps and shrinking and growing glaciers, even though several 
of these earlier predictions forecast that they all would be melted by today. 

Understanding the Greenhouse Effect 

The Earth’s atmosphere is an example of an open dissipative system, which 
can be described by nonlinear equations of mathematical physics. This 
permits one to assume that the organization of physical fields and the for¬ 
mation of stable thermodynamic structures can be defined for the Earth’s 
atmosphere, considering the time-space scale as determined by the param¬ 
eters of the phenomenon. One may use significant and reliable parameters 
of the atmosphere and the primary characteristics of the processes driving 
the Earth’s climate to construct a climatic model, e.g., one may use such 
general parameters as the total mass of atmosphere, its thermal capacity, 
and the averaged energy of solar irradiation. In addition, one must take 
into consideration, the existence of a strong negative feedback between the 
spherical albedo (albedo: the fraction of solar radiation that is reflected into 
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space) of Earth and its averaged surface temperature. In such an approach, 
however, the localized details in the description of the greenhouse effect 
are lost, because the constructed model becomes one-dimensional and 
averaged over the entire Earth. 

In many cases, however, this general approach possesses definite advan¬ 
tages, as one obtains an analytical and unambiguous solution of global 
problems of the entire planet, e.g., the influence of the composition of 
atmosphere on the total magnitude of the greenhouse effect. In addition, a 
constructed general model can be specified, by adding additional param¬ 
eters and local variables. In the general model, one can incorporate the 
crucial factors that can further improve the model, e.g., (1) the latitude of 
a certain locality; (2) inclination of the axis of Earth’s rotation to the eclip¬ 
tic plane; (3) the precession of Earth’s and Sun’s axis; (4) inflow of addi¬ 
tional heat with the air flows (cyclones); (5) the reflection capacity of snow 
cover, and (6) etc. In such a way, one can construct a three-dimensional 
or even four-dimensional model (the fourth dimension is the time) of the 
greenhouse effect. The major factor determining the climate of the Earth is 
the quantity of solar radiation absorbed by Earth’s atmosphere. Also to be 
considered is the Earth’s atmosphere, composition, pressure, and thermal 
capacity (Sorokhtin, 1990, 2001a, b; Sorokhtin and Ushakov, 2002). 


The Greenhouse Effect 

The average surface temperature for Earth is -288 °K or 15 °C, and 
its effective radiation temperature is determined by the classic Stefan- 
Boltzmann law: 



(l-A)S 


4<j 


(Eq, 9.2) 


where a = 5.67 x 10“ 5 erg/cm 2 ■ s • °C 4 is the Stefan-Boltzmann con¬ 
stant; S, is the solar constant at the distance of the Earth from the Sun 
(S = 1.367 x 10 6 erg/cm 2 • s); A is the albedo, which is mostly due to Earth’s 
cloud cover (A = 0.3). According to Eq. 9.2, the effective temperature, T e , is 
equal to 255 K (or 18 °C). Therefore, the present-day greenhouse effect for 
the Earth would be equal to 33 °C. 

Applying the Stefan-Boltzmann law to evaluate the heat transfer in the 
atmosphere: (1) the heat transfer by radiation dominates only in the upper 
diffuse layers of the atmosphere, e.g., stratosphere, mesosphere, and ther¬ 
mosphere; (2) the heat transfer in the troposphere, the lowest and denser 
layer, occurs mostly by convection (Sorokhtin, 2001a, b). In the Earth’s 
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atmosphere, where the air pressure exceeds 0.2 atm, the heat transfer by 
convection is dominant. When the temperature of a given mass of air 
increases, its volume also increases proportionally. This is the model of a 
system that defines the Earths climatic atmospheric system, but it is also 
one that recognizes cooling and heating by convection in the troposphere, 
rather than a model dependent upon radiation. 

A significant conclusion from this observation is that the temperature 
distribution in the Earth’s troposphere must be close to adiabatic, as when 
the air mass warms and compresses while moving down and cools while 
expanding and rising. This does not necessarily imply that at any instant, 
distribution of temperature must be totally adiabatic. There are several 
processes of heat transfer occurring in the Earth’s atmosphere: radiation, 
convection and conduction. 

The adiabatic temperature distribution is determined by the atmo¬ 
spheric pressure, p, and by the effective thermal capacity of atmosphere: 

pV 

~Y~ = constant (ideal gas law), (Eq. 9.3) 

as the volume never changes. The thermal capacity considers its additional 
heating capability as a result of the absorption of infrared radiation of the 
Earth’s surface by the greenhouse gases and heat of condensation of water 
vapor in the troposphere. For an adiabatic process, the temperature of 
gas is a function of pressure that can be presented in the following form 
(Landau and Lifshits, 1979): 


T = Cp a , (Eq. 9.4) 

where C is a constant, which can be estimated using the experimental data, 
a = (y-l)/y; y = c p lc v and c p and c v are the specific heats of gas at con¬ 
stant pressure and constant volume, respectively. For triatomic gases, C0 2 
and H 2 0, y = 1.3 and a = 0.2308, whereas for the diatomic gases, N, and 
O y = 1.4 and a = 0.2857. Because of condensation of water vapor m tro¬ 
posphere, which process emits heat, the adiabatic exponent, a, decreases, 
e.g., the average value of this parameter for the humid and heat-absorbing 
troposphere, a = 0.1905, whereas for the dry air, a = 0.2846 (Sorokhtin and 
Ushakov, 1999). 

Condensation of water vapor in the troposphere creates cloudiness, 
which is the primary factor that determines the Earth’s albedo, A. This pro¬ 
cess gives rise to a strong negative feedback between the near-surface and 
radiation temperatures for the Earth, stabilizing the temperature regime 
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of the troposphere. A rising surface temperature increases the water evap¬ 
oration and the resulting cloudiness in the troposphere, which increases 
the albedo of planet and the reflection capacity of Earths atmosphere. The 
portion of solar radiation reflected to space increases, decreasing the heat 
(energy) supplied to the Earth. As a result, the average temperature of 
Earth’s surface decreases. 

In any system, a negative feedback leads to a linear dependence of the 
system’s output on the system’s input. This is a universal property of sys¬ 
tems with negative feedbacks. This property manifests itself in various sys¬ 
tems, e.g., the centrifugal regulator of James Watt in a steam engine or the 
thermal (self-organizing) system of atmosphere. 

In the Earth’s atmospheric thermal system, the input is the temperature 
which is determined by solar radiation (for the distance of Earth from 
the Sun) whereas the output is the average surface temperature, T; for the 
Earth, the temperature T b = 288.2 K or 15 °C. Thus, the average surface 
temperature, T; is a linear function of 7T, which characterizes the solar 
radiation at the distance from Earth to Sun. This enables one to determine 
the average temperature, T, at any point in the troposphere with pressure, p: 
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(Eq. 9.5) 


In Eq. 9.4, C and a are defined for the temperature T gb = 288.2 K and the 
atmospheric pressure at sea level, one can rewrite Eq. 9.5 in the following 
form: 


T gh =C P f ;. (Eq. 9.6) 

In Eq. 9.6, the constant C is equal to 288.2. One can then define the 
average temperature at any elevation in the troposphere by the following 
exponential function atp > 0.2 atm: 


T = 288.2 
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(Eq. 9.7) 


It is noteworthy that in the formula, 
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for computing the temperature of an absolutely black-body, the solar 
constant S is divided by 4, because the area of Earth’s disk insolation is four 
times lower than the total illuminated area of the Earth. Eq. 9.8 is valid 
only if the axis of rotation of the planet is strictly perpendicular to the 
ecliptic plane and the angle of precession, y/, is equal to zero. 


Effect of the Precession Angle 

In our solar system, the angle of inclination of the equatorial plane to the 
ecliptic plane is not equal to zero for either the Sun or the Earth and it 
changes seasonally with time. Therefore, each of the Earth’s polar regions is 
insolated for half a year. The other half of a year, it is deprived of the influx 
of solar energy. When one of the polar regions is insolated, the other lies in 
the shadow of the Earth’s body and cannot receive solar energy. The remain¬ 
der of the Earth’s surface receives its portion of solar energy on a regular 
basis and, consequently, Eq. 9.8 is valid for the calculation of temperature. 
Therefore, in computing the average temperature of an inclined planet at 
high latitudes (polar regions) one needs to divide the solar constant by 
2 (not by 4). In addition, one must take into consideration the spherical 
shape of polar region. As a result, the solar constant, S, in Eq. 9.8 must be 
divided by a number, N, which lies between 2 and 4. Considering all the 
above and that the precession angle is relatively small, one can develop the 
following equation (see Chapter 2 for derivation)) for the distribution of 
average temperature in the troposphere, 
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(Eq. 2.25) 


where i// is the Earth’s precession angle; p is the atmospheric pressure at a 
given altitude, e.g., 0.2 atm < p < PJ, P o = 1 atm, and a = ( c p /c o ) where c p 
and c o are the specific heats of atmosphere at constant pressure and con¬ 
stant volume, respectively 

Today, the Earth’s precession angle is i// =23.44° and the Earth’s aver¬ 
age surface temperature is T s ~ 288.2 K at sea level. This implies, that the 
average surface temperature of Earth, considering the Earth’s precession, is 
equal to the efficient temperature of an effectively gray-body at the average 
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distance of the Earth to the Sun, (T = 7\). Thus, the average temperature 
of contemporary troposphere at any altitude, where/) > 0.2 atm, is equal to: 
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(Eq. 9.9) 


If the axis of the Earth’s rotation were perpendicular to the ecliptic plane, 
then, at p = 1 atm, the average surface temperature would be equal to 

278.6 °K, the temperature of absolutely black-body at the distance from Earth 
to Sun. This difference in temperature for y ~ 23.44° and i// = 0° approaches 

9.6 to 10 °C. Consequently, the present-day radiation temperature, consid¬ 
ering the precession angle, for the distance from the Earth to the Sun is 
equal to 263.6 K and not 255 K. Under the classical concept, the precession 
angle, Y = 0. The Earth’s effective temperature, T_, is 255 °K or -18 °C. The 
greenhouse effect for the Earth is currently accepted at +33 °C and a pre¬ 
cession angle value of'T = 23.44°. Correcting the precession angle to /// = 0, 
the effective temperature would be T = 263.5 °K or -9.5 °C. This gives a 
corrected greenhouse effect for the Earth that is much lower, AT = 24 °C. 

The greenhouse effect is a real phenomenon, although the term itself is 
unfortunate, misunderstood, and often physically wrong. Common belief 
is that the Earth’s atmosphere, containing the so-called greenhouse gases, 
weakly absorbs energy from the short-wave solar radiation from the Sun, 
of which =51% (see Figure 9.2) reaches the Earth’s surface, but impedes 
the long-wave (thermal) radiation that is reflected from the Earth’s surface, 
thereby significantly decreasing the Earth’s energy loss into the outer space. 
This has been often accepted as the main cause of atmospheric temperature 
increase. Thus, it is often felt, the higher the concentration of greenhouse 
gases in the atmosphere, those gases that absorb the thermal radiation, the 
greater the heating of the atmosphere. The effect of atmospheric heating 
under the influence of absorption of energy by the greenhouse gases of heat 
radiation coming from the Earth’s surface was called the greenhouse effect. 

By analogy for greenhouses covered with glass, the glass allows the vis¬ 
ible light of the electromagnetic spectrum to pass through the glass carry¬ 
ing energy; however, when some of the energy of the light ray is absorbed 
by the surface that it falls on, the ray is then emitted (radiated) as IR 
radiation which now has a longer wave length (due to loss of energy) and 
can no longer pass back through the glass, entrapping the energy within 
the greenhouse. However, the consequence of the greenhouse effect in 
the Earth’s atmosphere is different. The difference is that in the case of the 
greenhouse, the air is isolated from the air outside the greenhouse which 
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prevents a convective mixing with the outside air. As a result, as soon as 
greenhouse windows are opened and the connection to the air outside 
space is restored, air convection immediately cools the inside of the green¬ 
house and any greenhouse effect vanishes from the greenhouse. 

Convective Heat Transfer in Troposphere 

The domination of the convective component in the heat loss by the tro¬ 
posphere has a natural explanation. Upon absorption of energy by the 
greenhouse gases, the light wave itself vanishes as its energy passes to the 
oscillatory motions of gas molecules, i.e., to heating of the irradiated gas vol¬ 
ume. The heated gas expands and becomes less dense, the air mass then rises 
toward the stratospheric strata (by buoyancy) where the energy (heat) is dis¬ 
persed through convection. Upon cooling, this gas in the atmosphere then 
descends, restoring the air to the previous or even a lower temperature. An 
analogous situation occurs with heating air containing moisture which con¬ 
denses within it. The rate of convection (removal of heat from air) is always 
many orders of magnitude greater than the diffusion rate of heat transfer. 

Effect of Water Vapor on Heat Transfer 

Water vapor is a greenhouse gas that plays an important part in the tempera¬ 
ture distribution within a cloudy troposphere. The temperature distribution, 
below the cloud cover (see Figure 9.2) may be defined by the humid-air adi¬ 
abatic curve, and above it, by a dry-air adiabatic curve. The temperature dis¬ 
tribution within the cloud cover depends upon the energy released during 
the moisture condensation process. The average mass of water vapor in the 
atmosphere, m u , maybe determined from the average atmospheric moisture 
heat absorbing capacity of the condensation process, C w = 0.0791 cal/g • K. 
The heat absorbing capacity of 1 gram of water vapor is equal to 0.47 cal/K. 
The moisture content above 1 cm 2 area of the Earth’s surface: 

0-49 , 2 

m «-* 6.2 g/cm“. (Eq. 9.10) 

w 0.0791 4 

The moisture content, (H,0), within the atmosphere, near the Earth’s 
surface is ~0.62%. The heat absorbing capacity of humid and heat-absorb¬ 
ing air is: 


£C. ={c p +C w +C r ) = 0.2394 + 0.0791 + 0.0412 
= 0.3597 cal/g-K, 


(Eq. 9.11) 
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whereas total heat absorbing capacity of dry and IR radiation absorbing 
air is: 


^C r =(c p +C) r = 0.2394 + 0.0412 = 0.2806 cal/g • K. (Eq.9.12) 

If the cloud cover extends from one to 2.5 km altitude, then the specific 
air mass within this cloud cover is approximately equal to the difference of 
pressures at its boundaries: 


m d = Ap = 887-737.1 = 149.9 g/cm 2 , 
and the moisture mass within the cloud stratum is equal, 


m =149.9 


0.0062 


V 


(Eq. 9.13) 


i 0.465 g/cm 2 . (Eq. 9.14) 


The moisture condensation internal heat, q = 595.8 cal/g, the average air 
heating in the cloud stratum is: 


AT 


<l m « 




5.14°C. 


(Eq. 9.15) 


The temperature distribution within the troposphere with a cloud cover 
is illustrated by Figure 9.2. In the case of cloud cover, it is likely air temper¬ 
ature inversions may emerge even without a horizontal transfer of air mass. 


Effect of Carbon Dioxide on Temperature Distribution 

Looking at the carbon dioxide effect on temperature distribution in the 
planetary troposphere, the air pressure distribution in the troposphere is 
defined by the following exponential equation: 

P = P o e RT (Eq. 9.16) 


Then, at p g = 1 atm: 


h = 


-RT 


SP 


In p 


(Eq. 9.17) 
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where R = 1.987 cal/deg • mol is the gas constant; g = 981 cm/s 2 is the grav¬ 
ity acceleration; /< is molecular weight of the air gas mixture in degrees 
Kelvin, K, at the elevation h. 

Eq. 9.7 determines the temperature distribution in the Earth’s tropo¬ 
sphere for air mixtures of various molar weights. Figure 9.8 is a comparison 
of the temperature distribution for a normal Earth type nitrogen-oxygen 
atmosphere with (1) the molar weight, p = 29.89; (2) an adiabatic expo¬ 
nent, a = 0.1905; (3) a hypothetical carbon dioxide atmosphere with 
the molar weight p = 44; (5) a pressure, p = 1 atm; and (6) a a expo¬ 
nent determined from Eqs. 2.14 and 2.15. At a = 0.1428, the, coefficient, 
b a = 1.597 01428 = 1.069, and the near-surface temperature of this hypotheti¬ 
cal carbon dioxide atmosphere is 281.6 K, which is 6.4 °C lower than for 
the nitrogen-oxygen atmosphere. 

Figure 4.6 shows that the temperature distribution curve for a carbon 
dioxide atmosphere is always below that of the nitrogen-oxygen atmo¬ 
sphere curve. The near-Earth surface temperature for the carbon-dioxide 
atmosphere curve 2 turns is lower than the nitrogen/oxygen curve 1 by 
=6.4 °C than the nitrogen-oxygen atmosphere and not substantially higher 
as it is assumed by orthodox ecologists. Thus, substantial amounts of car¬ 
bon dioxide in atmosphere will only cause cooling of the Earth, whereas 
relatively minuscule changes in the CO, partial pressure (by hundreds 
ppm) have had practically no effect on the temperature of the tropospheric 
and Earth’s surface as seen in measurements over the past 20 years. 

Similarly hypothesizing the imaginary replacement of the carbon dioxide 
Venus atmosphere with a nitrogen-oxygen one at the same pressure of 90.9 
atm, the surface temperature would rise from 735 to 796 K (462 to 523 °C). 
This demonstrates that the atmosphere saturation with carbon dioxide, 
with all other conditions equal (atmospheric pressure), would always result 
in a decrease of the greenhouse effect and average temperature within the 
troposphere. The reason for this is simple; the carbon dioxide molar weight 
is 1.5 times greater and its heat-absorbing capacity is about 1.2 times lower 
than for Earth’s atmospheric air. As a result, as it follows from Eq. 2.15, 
the adiabatic exponent for the Venus carbon dioxide atmosphere, with all 
other conditions equal, is lower, a (C02) = 0.1786 (approximately by a factor 
1.067), than for the nitrogen-oxygen composition air, a (N2+02) = 0.1905. The 
increase in the heat absorption by carbon dioxide will result in an increase 
of the correction factor C and resulting in an additional decline of the adi¬ 
abatic exponent, a (C02) . This, will cause an additional temperature decline. 
As noted in the imaginary experiment with Earth’s atmosphere, equal 
pressures as defined by Eq. 9.7, for a carbon dioxide and nitrogen-oxygen 
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atmospheres, are positioned at different elevations. Because a carbon diox¬ 
ide atmosphere’s molar weight is heavier, its equal pressure level is always 
lower than that for a nitrogen-oxygen atmosphere. This results in a higher 
temperature distribution for a Venus nitrogen-oxygen troposphere. 

The Effect of Carbon Dioxide Anthropogenic Emissions 

Various estimates of CO, anthropogenic emissions resulting from burn¬ 
ing hydrocarbon fuels (2005 data) produce 5 to 7 billion tons of carbon 
dioxide or 1.4 to 1.9 billion tons of pure carbon to the atmosphere. It has 
been thought by some that the amount of carbon entering the atmosphere 
in recent years may have even reached 20 to 35 billion tons. Some people 
believe that this colossal amount of carbon entering the atmosphere can 
not only alter the composition of its gas mixture and decline in its heat 
absorbing capacity, but also increase the total atmospheric pressure. 

These two factors operate in opposite directions. As a result, in theory, 
the average Earth’s surface temperature will almost remain unchanged. The 
Earth’s temperature will not change, even if carbon dioxide concentration 
in the atmosphere doubles, which is currently anticipated by some in 2100. 
One should also consider that the major portion of carbon dioxide enter¬ 
ing the atmosphere, under Henry’s law, dissolves in the oceanic water and 
in hydration of Earth’s crust carbon dioxide is bonded in carbonates. Thus, 
along with carbon, part of the atmospheric oxygen passes into carbonate 
rocks. Therefore, rather than a slight increase in the atmospheric pressure, 
we are likely to see a slight decrease, and therefore a slight climate cooling. 

The carbon dioxide partial pressure in the atmosphere is regulated by 
the ocean water temperature. Carbon dioxide solubility in water is con¬ 
trolled by Henry’s law: 


^(co 2 ) Pco 2 {^H-e Rr )’ (Eq. 9.18) 

where p CQ2 is the atmospheric carbon dioxide partial pressure; 
C(co 2) = 0.1544 • 10. 3 is the carbon dioxide concentration in oceanic water 
(HCOj~ plus COj~) (Kokin et al, 1990); H is the Henry coefficient; 
AH is the enthalpy of carbon dioxide dissolution in the water process; 
R = 1.987 cal/mole • K is the gas constant; and T is upper oceanic water- 
layer temperature, deg. K. Eq. 9.18 states that the CO, partial pressure in 
the atmosphere will increase when water is heating and decrease when 
cooling (this is well known to many as the Champaign effect). Figure 9.4 
demonstrates the solubility of carbon dioxide gas in water. 
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Figure 9.4 Relationship between the temperature and the solubility of C0 2 dissolved in 
water. (After Wallace, 2009.) 


The enthalpy of carbon dioxide’s dissolution in water is controlled by the 
difference between the enthalpy of carbon dioxide solution in water and 
the enthalpy of CO, gas phase: AH = -98.9 - (-94.05) = 4.85 kcal/mole 
(Naumov et al, 1971). Eq.9.8 may be solved for an earlier time period 
by assuming a preindustrial value for the CO, partial pressure and tem¬ 
perature, e.g., a preindustrial time like 1880: p (C02) = 2.9 X 10“ 4 bar and 
T = 287.2 K. In this case H = 10“ 4 1/bar. Currently carbon dioxide amount 
dissolved in oceanic water is approximately 60 to 90 times its amount in 
the atmosphere. For calculations it may be assumed C (CQ2) ~ const. Even 
a slight increase in the average temperature of oceanic water results in a 
notable increase in the atmospheric carbon dioxide partial pressure. A sig¬ 
nificant increase in p was observed due to the anthropogenic influ¬ 
ence (on the order of A p = 60 ppm). A more modest contribution was 
introduced by the increase in Earth’s surface temperature from 287.2 K 
to 288 K, Dp = 6.9 ppm. A natural warming during the recent 120 years 
by 0.8 °C would result in an increase in carbon dioxide partial pressure by 
A p = 6.9 ppm. Anthropogenic emissions added 53 ppm more, although 
this addition likely had nothing to do with the observed climate warming 
as this warming was associated with a change in the Sun’s activity. It has 
been noted that atmospheric carbon dioxide concentration fluctuations 
in the Pleistocene occurred at changes of glaciation epochs, by glaciation 
interstadials, and they exceeded 150 ppm, naturally, without any anthro¬ 
pogenic intervention. 

Similar conclusions to those above have been arrived at by many sci¬ 
entists studying climate change. Robinson et al. (1998) and others have 
reported no climate warming at all. Seitz has written: “Experimental data 
of climate change do not show any harmful effect from the anthropogenic 
use of hydrocarbons. Contrary to that, there is evidence that increases in 
carbon dioxide content in atmosphere maybe beneficial”. F. Seitz prepared 
a petition by scientists to the U.S. government with an appeal to reject the 
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international agreement on the global climate warming concluded in Kyoto 
(Japan) in December of 1997 and other similar agreements. The petition 
stated: “There are no convincing scientific evidences that the anthropo¬ 
genic emissions of carbon dioxide, methane and other greenhouse gases 
are incurring or may in the foreseeable future cause a catastrophic warm¬ 
ing of Earth atmosphere and destruction of its climate. Besides, substantial 
scientific evidences are available, which indicate that an increase of car¬ 
bon dioxide concentration in the atmosphere renders positive effect on the 
natural growth of plants and animals in Earth’s ambient medium”. By 2005, 
almost 17,000 U.S. scientists and engineers had signed this petition. 

The conventional concept of climate warming due to the accumulation, 
in the troposphere, of anthropogenic CO, and other greenhouse gases 
is a myth and has no scientific support. The accumulation of C0 2 in the 
atmosphere has historically shown no noticeable effect on the temperature 
regime of Earth’s climate. Temperature changes are the result of primary 
causes, whereas carbon dioxide concentration variations (except for the 
anthropogenic influence) are secondary causes and are the consequence 
and not the cause of temperature changes. Peaks in the Sun’s irradiation 
preceed the peaks in C0 2 concentration in the atmosphere. 

Greenhouse gas, especially carbon dioxide and water vapor, accumu¬ 
lation in the troposphere can increase somewhat the convective air mass 
heat exchange in the troposphere. This, in turn, may cause intensifica¬ 
tion of the synoptic processes and storm activity within the troposphere. 
Strengthening of hurricanes and tornados, in recent years, incurring sub¬ 
stantial damages in the southern portion of the United States, should only 
be associated with fluctuations in the solar activity. Maximum solar activ¬ 
ity (sunspots) were observed in 2000-2002; however, due to a high heat 
absorbing capacity of water in the surface oceanic stratum, the climatic 
reaction to a change in solar activity was delayed by a few years, relative 
to its 11 -year cycle. That may be the reason why maximum activity of the 
synoptic processes moved to the initial years of the twenty-first century. 
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Development of Carbon 
Dioxide in Earth’s Atmosphere 


Carbon Dioxide 

Carbon is the fourth most abundant element in the universe and is a major 
component for life on the Earth. On the Earth, organisms utilize carbon 
for structure and/or energy. For a molecule to be organic, it must contain 
carbon atoms. Carbon is found in a diverse variety of forms: (1) as a gas, 
e.g., carbon dioxide (CO,); (2) a liquid, e.g., petroleum hydrocarbons; and 
(3) as a solid, e.g., carbonates (CaC0 3 ), wood, plastics, diamonds, coal, 
peat and graphite. 

Carbon dioxide is a colorless, odorless gas that is found (1) in the atmo¬ 
sphere as a trace gas, (2) as a gas dissolved in water (oceans), (3) in liquid 
hydrocarbon deposits as a dissolved gas and (4) in volcanic activity (CCS, 
2017). 

Carbon dioxide has a specific gravity of 1.555 or is -60% heavier than 
air. The carbon dioxide molecule consists of a carbon atom covalently 
bonded to two oxygen atoms. It occurs naturally in the atmosphere, and is 
soluble in water, ethanol and acetone. It is a linear covalent molecule. In the 
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atmosphere, it reacts readily with water droplets in clouds to form carbonic 
acid, which has a pH of 6.8: 

C0,+H 2 0^^ H 9 C0 3 (Eq. 10.1) 

It is a very stable molecule; few chemical processes other than photosyn¬ 
thesis have been found that are able to effectively reduce carbon dioxide to 
carbon monoxide (CCS, 2017). 

Although carbon dioxide is viewed by some as a poisonous gas, life 
on Earth is dependent upon it. It is required for those organisms that use 
it in photosynthesis to harvest energy and produce carbohydrates and 
oxygen. 

Sources of Carbon Dioxide 

Archer (2010) noted that there are several different forms of carbon that 
one can track in the global carbon cycle: 

1. Inorganic-carbon (C) in rocks, e.g., bicarbonate, carbonate, 
and other rocks. 

2. Organic-carbon, e.g., organic plant material, hydrocarbons, 
etc. 

3. Carbon gases (C0 2 ), e.g., volcanism, degassing of Earth’s 
mantle material. 

4. Solution gas, (C0 2 ), e.g., dissolved in the ocean water. 

5. Methane gas (CH 4 ) of non-organic origin. 

6. Carbon monoxide (CO), e.g., found in atmosphere. 

The Carbon Cycle 

Today’s movement of carbon through the Earth’s atmosphere, hydrosphere, 
biosphere and geosphere (which is only a portion of the total Carbon Cycle) 
is shown in Figure 10.1. This portion of the carbon cycle displays several 
reservoirs of carbon storage and the various processes and forms by which 
the carbon moves between these reservoirs. The major carbon reservoirs 
displayed in this figure include the atmosphere, oceans, vegetation, and 
soil. Also shown is the approximate quantities of carbon that flow in and 
out of the specific storage areas per year. The arrows indicate the direction 
of the carbon flow between these carbon storage reservoirs. Carbon diox¬ 
ide is the primary carrier for the movement of carbon between the storage 
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Figure 10.1 A portion of today’s carbon cycle showing the carbon path through the 
atmosphere, oceans, and soils. (After Harrison, 2003.) 

reservoirs. There are several smaller cycles or pathways of carbon flow as 
shown in Figure 10.1. 

The ocean/atmospheric cycle is a major pathway between the two large 
storage reservoirs of carbon dioxide. When the water temperature increases 
in the oceans (which cover 72% of the surface of the Earth), the solubility 
of the carbon dioxide gas in the water (dissolved gas) deceases and large 
volumes of carbon dioxide, previously dissolved in the ocean water, are 
released to the atmosphere. 

The carbon rock cycle is a description of another portion of the carbon 
cycle, including the movement of carbon through (1) degassing of the 
mantle (2) plate tectonics, (volcanism), and (3) carbonate rock formation. 
This is often referred to as the Rock Cycle (Figure 10.2). Carbon dioxide is 
the primary form of carbon circulating through the Earth’s atmosphere, 
coming from outgassing of the Earth’s mantle at the midocean ridges, 
hotspot volcanoes and subduction-related zones. Archer (2010) noted that 
over geologic history, there is a close relationship of the percent content 
of carbon dioxide in the atmospheric and volcanic activity (Figure 10.3). 
During high periods of volcanic activity, the percent atmospheric carbon 
dioxide concentration is higher; therefore, the increased percentage of car¬ 
bon dioxide in the atmosphere can be partially related to volcanic activ¬ 
ity. Volcanic activity from 1850 to 2010 is shown in Figure 10.4. Much of 
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Figure 10.2 The rock cycle portion of the carbon cycle. The primary source of C0 2 
is degassing from the Earth’s interior. (After Columbia, 2017, http://www.columbia. 
edu/ ~vj d 1 /carb on .htm.) 



Million of years ago 

Figure 10.3 Schematic showing relationship between the CO, content in the atmosphere 
(dashed line) and the volcanic activity on Earth (solid line). (Modified after Archer, 2010.) 
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Figure 10.4 Global volcanism over time (1850 to 2010). There has been a general increase 
in volcanism over the past 100 years. (Modified after http://informacaoincorrecta. 
blogspot.com/2011/08/porque-nibiru-nao-existe.html.) 


this carbon is abiogenic carbon (inorganic gas), derived from (1) the sub- 
duction and metamorphism of carbonate rocks and (2) degassing of the 
mantle. The percentage of carbon dioxide shown in Figure 5.1 in the early 
periods of the Earths history, prior to bacteria, is of abiogenic origin. 


Mass of Carbon in the Earth’s Crust 

Ronov and Yaroshevsky (1978) estimated that =3.91 x 10 23 g of C0 2 is 
bonded in the crustal carbonates. Cores also contain =1.95 x 10 23 g of 
organic carbon, C . The organic carbon, C , prior to its reduction in the 
biologic processes, was bonded by 5.2 X 10 2 - g of oxygen. Therefore, the 
total CO z mass buried in the crust is: 

m(C0 2 ) «(3.91 + 0.72)xl0 23 = 4.63xl0 23 g. 

Mass of Carbon in the Earth’s Mantle 

The determination of carbon content in the mantle is much more compli¬ 
cated than for the Earth’s crust. Experimental data indicates that the high- 
temperature distillation fractions of volatile components in an oxygen 
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atmosphere of tempering glass from the tholeiitic basalts in the oceanic rift 
zone contain 20 to 170 g/ton of mantle-derived carbon having isotopic shifts 
of about -5%o (Watanabe et al, 1983; Sakai et al, 1984; Exley et al, 1986). 
Dispersed carbon is found in all igneous rocks in negligible concentrations 
of 10 to 100 g/ton with a substantial deficit of the heavy isotope <5 13 C « 22 to 
27%o (Galimov, 1988a). Carbon found in the Earth’s crust is isotopically 
heavier, with <5 13 C ~ -3 to -8%o (average value is -5%o). Part of the mantle 
carbon is dispersed among the silicate crystalline grids in the atomic state 
(Watanabe et al, 1983) and, hence, is not a volatile component of the basalt 
melts. Therefore, carbon content in the carbon dioxide gas phase of basalt 
melt-outs may be noticeably smaller than the quoted total carbon content. 

The assumption here is that the mobile carbon content in the mantle is 
=30 g/ton or 110 g/ton when normalized for carbon dioxide. In this situ¬ 
ation, the mantle carbon dioxide content is m C02 = 4.48 x 10 23 g of carbon 
dioxide. Carbon dioxide degassing of the mantle, as well as degassing of 
the other mobile volatile components of the atmosphere and hydrosphere, 
may be described by the relationship: 

m ; = m K [i_ e ~Xz ) (Eq. 10.2) 

where m. is the mass of the degassed volatile component i; m j is the total 
mass of the component i on he Earth; X is the component z°s mobility expo¬ 
nent; z is the tectonic parameter defined by the ratio of total loss of the 
Earth’s depth heat and its current value Q g - 13.42 x 10 37 erg (Sorokhtin 
and Ushakov, 2002). Today’s value of z is equal to 1 (see Figure 10.5). 



Figure 10.5 Earth’s tectonic parameter defining the mantle degassing rate. 
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For solving Eq. 10.2, one needs to insert the marginal conditions. 
Assuming, as one of the marginal conditions, that -3.91 x 10 23 g of carbon 
dioxide are bonded within the carbonates of the Earth’s crust with addi¬ 
tional 1.95 X 10 22 g of organic carbon, C (Ronov and Yaroshevsky, 1978). 
Prior to the reduction of the organic carbon (C org ) by biological processes, 
5.2 x 10 22 g of oxygen was bonded along with it. Therefore, the total mass 
of carbon dioxide degassed from the mantle is: 

m C02 * (3.91 + 0.72) xlO 23 « 4.63x10 23 g. 

It is harder to determine the carbon dioxide content of the Earths 
mantle. 

The experimental data indicates the following: (1) High-temperature 
distillation fractions (distillation in an oxygen atmosphere) from temper¬ 
ing glasses of the oceanic rift zones’ tholeiite basalts usually include 20 to 
170 g/ton of carbon of mantle origin carbon with an isotope shift of about 
-5%o (Sakai et al, 1984; Watanabe et al, 1983). (2) The scatter of experi¬ 
mental data is too substantial for a reliable determination of average carbon 
and C0 2 content in the mantle. (3) The mantle carbon is in an atomic state, 
dispersed in silicates’ crystalline grids (Watanabe et al, 1983) and, there¬ 
fore, not a volatile component of basalt melts. Therefore, carbon content in 
the C0 2 gas phase of basalt melt may be notably lower than quoted here. 
One can assume that the mobile carbon content in the mantle is around 30 
g/ton or, recalculated for carbon dioxide, 110 g/ton. In this case the mantle 
contains nearly m co _ ® 9.1 lxHT’y. The following relationship can be used: 

-AH 

^co 2 ~ Pco 2 'Hz (Eq. 10.3) 

where p W) _ is the carbon dioxide partial pressure in the atmosphere; 
C co (®0.1544x10 3 ) is the carbon dioxide concentration in the ocean 
water (Kokin et al, 1990) ( HCO~ + COj~) ; H is the Henry’s coefficient; AH 
is the entropy of the carbon dioxide dissolution in water; and T is the water 
temperature in deg. K. 

Another aspect of Eq. 10.2 is that the Earth’s degassing rate is 

m = m m xz. (Eq. 10.4) 

where the derivative of the tectonic parameter z defines the Earth’s tectonic 
activity (see Figure 10.5). For this situation, x(CO,) ~ 0.71. 
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The total mass of carbon dioxide in the Earth, with C normalized for 

org 

C0 2 , is m cc , 2 « 9.11 x 10 23 g. 

Using Eq. 10.4, one can plot the curve of carbon dioxide degassing from 
the mantle as shown in Figure 10.6, which indicates that the carbon diox¬ 
ide degassing rate peak coincides with the period of the Earth’s maximum 
tectonic activity about 2.7 BY ago (Figure 10.7). 



Figure 10.6 Rate of carbon dioxide degassing from mantle with time. 



Time, BY 

Figure 10.7 Earth’s tectonic activity measured by the heat flow from the mantle, m().zQ°c: 
Curvel - Average for the Earth as a whole. Curve 2 - Tectonic activity within a wide ring 
belt of the Archaean Earth crust formation above a differentiation zone of the Earth’s 
matter. Dashed vertical line shows the time of the Earth’s core separation. 
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Historic Content of Carbon Dioxide 
in the Earth’s Atmosphere 

The percentage of carbon dioxide in the Earth’s atmosphere has changed 
over the geologic history of the Earth (see Figures 5.1 and 10.3). One reason 
the total atmospheric pressure of the Earth has varied is due to the chang¬ 
ing composition of its various gases making up the atmosphere. When the 
Sun, Earth and other planets were formed, by coalescing of matter from a 
rotating nebula (=4.6 BY ago), during the period of the accretion of par¬ 
ticles forming the Earth, many volatile and nonvolatile elements from the 
nebular were present. Due to the centrifugal forces, the accumulation of 
mass at the center of this rotating planet gathered materials of heavier mass, 
e.g., iron, etc., whereas the lighter-gaseous elements formed the outermost 
layer of the Earth (atmosphere). These lighter-gaseous elements were com¬ 
posed of hydrogen, helium, nitrogen and other volatile-light gases of the 
condensing planetary nebula material. 

Earth’s Hadean Atmosphere (4.56 to 4.0 BY ago) 

At the beginning of the Hadean time, the Earths surface consisted of mol¬ 
ten rock, a magma ocean and very little atmosphere. Due to the Earths 
high surface temperature, water existed only in the atmosphere as vapor. 
Within this hot atmosphere, the lightest elements, the hydrogen and 
helium molecules had an average speed greater than the velocity required 
to escape from the Earth’s gravity. Thus, they escaped from the atmosphere 
into space. As a result, the Earth’s Hadean atmosphere lost its hydrogen 
and helium and all that was left in the atmosphere were the molecules of 
methane, ammonia, water vapor, and small percentages of nitrogen and 
carbon dioxide. A cataclysmic meteorite bombardment (=3.9 BY ago) kept 
much of the Earth’s surface in a molten state with elevated surface tempera¬ 
tures. The incoming impactors likely brought with them additional water, 
methane, ammonia, hydrogen sulfide and other gases that supplemented 
the Earth’s earliest atmosphere as indicated in Figure 5.1. 

The high surface temperature of the Earth during the Hadean time 
depleted the atmospheric methane through the endothermic reaction as 
follows: 


CH 4 + H^O —» C0 2 + 3H 2 (Eq. 10.5) 

This reaction, generating carbon dioxide, requires elevated temperatures 
of approximately 700 °C to 1100 °C, which would have been common in 
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the hot crust and magma lakes of the Hadean Time. The produced carbon 
dioxide, readily combined with metals to form carbon compounds. 

Volcanic activity began toward the end of the Hadean time, which is 
reflected by the increasing percentage of carbon dioxide in the atmosphere. 
As the Earth cooled, the surface changed from molten lava to solid rock 
and the Earth cooled enough for liquid-water to begin to accumulate at the 
higher elevations on its surface. 

The major carrier of carbon in the initial stages of Earth’s evolution dur¬ 
ing the Hadean and Archaean time, was carbon dioxide and the products 
of its chemical reactions. After the early depletion of methane and ammo¬ 
nia from the Earth’s atmosphere, carbon entered the crust and the atmo¬ 
sphere primarily through mantle degassing. 

Earth’s Archaean Atmosphere (4.0 to 2.4 BY ago) 

During the Archaean time, the percentage of carbon dioxide in the atmo¬ 
sphere increased, originating from degassing of the mantle (see Figure 5.1). 
The volume of volcanic carbon dioxide in the atmosphere peaked and 
started to decrease as the carbon dioxide was bonding with carbonate min¬ 
erals. Thus, it is important, that the increase of carbon in mantle mass, 
M m , at the beginning of the Archaean (M = 0) to its amount at the end of 
the Archean (M X) be considered. The increase of the degassing from the 
mantle mass is estimated in Figures 10.6 and 10.7. The total volatile com¬ 
ponent of the mantle, m, can be estimated as follows: 

. -y Z AM -f] 

m { =m i (\-e x ' )j m k (Eq. 10.6) 

where M m -t is the mantle mass for the time 4 < t < 2.6 BY ago. For the 
Proterozoic and Phanerozoic time, Eq. 10.6 can be used. It is necessary 
to insert the initial and boundary conditions in Eqs. 10.2 and 10.6 for the 
content of each component (water, nitrogen or carbon dioxide) in the 
Earth’s external geospheres. 

The rate and mass of carbon dioxide from mantle degassing is shown in 
Figures 10.6 and 10.7. The carbon dioxide accumulation rate in the Earth’s 
geospheres (including the atmosphere, hydrosphere, and crust), is pre¬ 
sented in Figure 10.8 (based on Eqs. 10.2 and 10.6). 

Mantle carbon dioxide degassing is different from that of the water degas¬ 
sing. The reason is the lower heat of formation for water (the molecular water, 
A H° =57.8, for C0 2 A H° f =94.05, and for FeO A H° =63.6 kcal/ mol) 
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Time, BY 

Figure 10.8 Water accumulation in the Earth’s hydrosphere: Curve 1 - Total mass of 
water degassed from the mantle. Curve 2 - Water mass in the ocean. Curve 3 - Water mass 
bonded in the ocean crust. Curve 4 - Water mass bonded in the continental crust. (After 
Sorokhtin and Ushakov, 2002.) 


and its dissociation on the metallic iron during the zonal differentiation 
of the Earths matter in the Archean time. This CO, degassing rate peak 
coincides with the time of maximum tectonic activity, 2.6 BY ago (see 
Figure 5.2). At the same time, the water degassing was at its maximum rate 
=2.5 BY ago, that is, after the high-density Earth’s core separation and after 
the switch in the differentiation of the Earths matter from the zonal melting 
mechanism to a more quiescent barodiffusion mechanism. 

If the entire volume of degassed carbon dioxide had not been bonded, 
but had been preserved in todays atmosphere as a gas, the Earths partial 
pressure would have been =91 to 100 atm, which is like today’s pressure on 
Venus, resulting in a condition where life as we know it could not exist. Life 
on the Earth was fortunate in that simultaneously while C0 2 was entering 
the atmosphere, it was being bonded into the carbonate rocks. For this 
reaction to occur, liquid water is required, as only then will silicate hydra¬ 
tion be accompanied by carbon dioxide absorption with the emergence of 
carbonates under the following reactions: 


4Mg(Si0 4 )(forsterite) + 4H z O + 2CO z —» 

Mg(Si 4 O 10 ) (OH) 8 (serpentine) + 2MgC0 3 (magnesite) 
+ 65.05 kcal/mol 


(Eq. 10.7) 
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and 


2CaAl 2 Si 2 O g (anortite) + 4H 2 0 + 2C0 2 —> 

a Al 4 (Si 4 O 10 ) (OH) g (kaolin) + 2CaC0 3 (calcite) +10.54 kcal/mol. 

(Eq. 10.8) 

Therefore, the evolution of carbon dioxide in the ocean was significant 
in the development of the carbon dioxide partial pressure in the atmo¬ 
sphere (Figure 10.8). 

As shown in Eqs. 10.7 and 10.8, for each two C0 2 molecules bonded 
in carbonates there are four water molecules used for the hydration of the 
rock-forming minerals of the oceanic or continental crust. Thus, when car¬ 
bon dioxide is in excess within the atmosphere and hydrosphere, almost all 
rock hydration reactions are accompanied by C0 2 bonding in carbonates. 
Each unit of mass for water bonded in rocks corresponds with approxi¬ 
mately 1.22 carbon dioxide mass units. For a carbon dioxide shortage, the 
hydration of portion of silicates occurs without bonding of carbon dioxide, 

e-g-, 


4Mg 2 Si0 4 (fosterite)+ 6H 2 0 —» 

Mg 6 [Si 4 O 10 ] (OH) g (serpentine) + 2Mg(OH) 2 (brucite) 
+ 33 cal/mole. 


(Eq. 10.9) 


The total mass of water bonded in the Earth’s crustal rocks is the sum of 
Curves 3 and 4 in Figure 10.9. Today, this sum is equal to (0.358 + 0.446) x 
10 24 = 0.804 x 10 24 g. This enables the calculation of carbon dioxide mass, 
which could have been bonded in carbonates. This mass turns out to be 
equal to 9.81 X 10 23 g, which is a quantity more than twice that contained 
within carbonates (3.91 X 10 23 g). A significant portion of the Earth’s crustal 
rocks were hydrated in Proterozoic and Phanerozoic time due to a substan¬ 
tial carbon dioxide deficit under Eq. 10.9 without forming carbonates. 

Life within the ocean has always been limited by the oceans’ phosphorus 
content. Phosphorus solubility in water is relatively low (Schopf, 1982). 
Therefore, the absolute mass of the organic matter in the ocean is always 
proportionate with its mass. The organic carbon mass, converted to carbon 
dioxide, in the Archaean and Proterozoic time, can be estimated consider¬ 
ing that it is approximately proportionate to the mass of water in the global 
ocean (Figure 10.9, Curve 2). 

Along with the CO, that bonded in rocks and the biomass, part of this 
carbon dioxide, as anions HCO , , was dissolved in oceanic water. One can 
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Figure 10.9 Mass of carbon dioxide bonded in the Earth’s crust and present in the 
Archaean atmosphere: Curve 1 - Mass of C0 2 degassed from the mantle. Curve 2 - Mass 
of C0 2 in the Earth’s crust carbonates. Curve 3 - Organic carbon mass normalized for 
C0 2 . and Curve 4 - CO, mass in the Archaean atmosphere. 


estimate this portion of C0 2 , but it is necessary to remember that carbon 
dioxide solubility in water, under Henry’s law (Sorokhtin and Ushakov, 
2002), is directly proportionate with its partial pressure in the atmosphere. 
The relationship of the carbon dioxide gas solubility versus pressure and 
temperature in water is presented in Figure 10.10. 

In Figure 10.11, the mass of carbon dioxide degassed from the mantle 
(Curve 1) is compared with the mass of carbon dioxide bonded in car¬ 
bonates (Curve 2) and with total carbon dioxide mass in the carbonate 
and biogenic reservoirs (Curve 3). The organic carbon (in conversion to 
carbon dioxide mass) accumulation in the oceanic deposits is presented 
by Curve 5. 

Earth’s Proterozoic and Phanerozoic 
Atmosphere (2.4 BY ago to today) 

At the beginning of the Huron Orogeny (=2.4 BY ago) the carbon dioxide 
partial pressure in the Early Proterozoic atmosphere drastically declined 
by about a factor of 10,000 to an equilibrium level of about 1.0 to 1.5 mbar 
(Chumakov, 1978). The total atmospheric pressure decreased from 
5 to 6 bars by the end of the Archean to 1.4 bar in the Early Proterozoic 
(see Figure 10.12). The entire process of removal of carbon dioxide from 
the atmosphere during the Archaean/Proterozoic time boundary likely did 
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Solubility of pure C0 2 in 100%TEG 

Adapted from GPSA figure 20-76 with MODIFIED mamrosh etal. model 



60 80 100 120 140 160 180 

Temperature (°F) 


Figure 10.10 Solubility of carbon dioxide in water. (After J. M. Campbell, 
Petro Skills, 2017, http://www.jmcampbell.com/tip-of-the-month/2012/ll/ 
solubility-of-acid-gases-in-teg-solution-part-3-co2-in-teg/.) 


not last longer than 100 to 150 MMY. Therefore, the composition of the 
Early Proterozoic atmosphere became mostly nitrogen with a small con¬ 
tent of argon (=9 mbar). As a result, there was a significant cooling of the 
Earth, although the average continent stand level remained rather high 
(4 to 2-3 km). This was a reason for the emergence of the Huron Glaciation: 
the onset of cooling-down with a high-continent stand (Sorokhtin and 
Sorokhtin, 1997; Sorokhtin, 2002). Almost all the continents, which at that 
time formed a unique supercontinent Monogaea, despite their equatorial 
positions were above the snowline and were covered under a massive ice- 
sheet glaciation. 

Subsequently, the carbon dioxide partial pressure in the atmosphere 
(see Figure 10.12) was controlled on the average by the oceanic water 







Development of Carbon Dioxide in Earth’s Atmosphere 161 



Figure 10.11 Carbon dioxide mass bonded in the Earth’s crust: Curve 1 - Mass of the 
mantle degassed carbon dioxide. Curve 2 - Accumulation of carbon dioxide in the Earths 
crust carbonates. Curve 3 - Total mass of bonded carbon dioxide (within the carbonate 
and biogenic reservoirs). Curves 1 and 3 superpose and merge. Curve 4 - Mass of water 
bonded in Earth’s crust. Curve 5 - Organic carbon mass converted to CO,. 



Time, BY 

Figure 10.12 Variation in carbon dioxide partial-pressure in the Earth’s atmosphere with 
time. 


temperature and Henry’s law. During the ice periods, it declined to 
0.3 mbar (the current value is approximately 0.46 mbar), and in warm peri¬ 
ods increased to 0.7 to 1 mbar. 

Figure 10.11 shows that during the Proterozoic and Phanerozoic time, 
almost the entire carbon dioxide degassed from the mantle was bound in 
the carbonate or biogenic reservoirs (in the form of C org . The mass of the 
carbon dioxide in the atmosphere and the hydrosphere of these epochs is 
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impossible to determine. During Archaean, there was a small volume of 
water in the Archaean oceans, and the mass of bonded carbon dioxide was 
substantially smaller than the mass of carbon dioxide mass degassed from 
the mantle. This helps explain the emergence of a carbon dioxide atmo¬ 
sphere during the Archaean. 

The separation of Earth’s core and the formation of the oceanic crust’s 
serpentinite layer occurred between the end of the Archaean and begin¬ 
ning of the Proterozoic time (~2.5 BY ago) because of a drastic decline in 
the Earth’s tectonic activity. There was a significant increase in the rate of 
carbon dioxide bonding in carbonates (Eqs. 10.7 and 10.8), which resulted 
in the accumulation of oceanic deposits (Sorokhtin and Ushakov, 2002). 
Therefore, in the Proterozoic and Phanerozoic time, the overwhelming 
portion of carbon dioxide was bonded in carbonates and organic matter, 
and only a small portion of carbon dioxide entered the atmosphere and 
hydrosphere. 

As a result, in the Early Proterozoic, the atmospheric carbon dioxide 
partial pressure sharply declined by a factor of about 1,000 (to a few mil¬ 
libars). This resulted in the accumulation of massive carbonate deposits 
in the Early Proterozoic. However, as carbonate rocks have low resistance 
to weathering, most of them were redeposited in younger formations. In 
the Early Proterozoic there was a significant decline in the carbon diox¬ 
ide partial pressure in the nitrogen-carbon-dioxide Archaean atmosphere. 
According to Eq. 2.25, there was a substantial temperature decline and 
climate cooling of the Earth during the Early Proterozoic. The average 
temperature of the oceanic, near-bottom water dropped from 70 °C to 
30-40 °C (see Figure 1.3). Figure 10.12 displays the carbon dioxide partial 
pressure evolution in the Earth’s atmosphere in consideration of its partial 
dissolution in oceanic water. 

As Figure 10.12 shows, the carbon dioxide partial pressure in the 
Archaean reached 3 to 4 atm. because there was so little water in the 
Archaean oceans. The bonded carbon dioxide mass at that time was sig¬ 
nificantly lower than the mantle degassing of the carbon dioxide mass (see 
Figure 10.11). Therefore, in the Archaean time, the bulk of the mantle car¬ 
bon dioxide degassing must have been in the ocean and stored as dissolved 
gas in the oceanic water. Thus, the oceans were saturated with carbon diox¬ 
ide. As the average oceanic water temperature was 60-70 °C, the oceanic 
water was warm, acidic and an aggressive solvent for the ore elements. This 
resulted in the saturation of the oceanic water by many ore elements, e.g., 
Au, U, Cu, Pb, Zn and sulphides. When the ocean cooled down and carbon 
dioxide was bonded with the carbonates, in the Early Proterozoic, the oce¬ 
anic water remained warm but became chemically neutral (pH ~ 7). That 
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Figure 10.13 The formation of unique stratiform ore deposits in the Early Proterozoic 
due to the precipitation of ore elements after the bonding of Archaean atmosphere carbon 
dioxide in carbonates and cooling down of the oceanic water between Archaean and 
Proterozoic time (OB in the equation is organic matter). The arrows indicate arrival paths 
of ore elements in the oceans and their precipitation in Early Proterozoic (the descending 
arrows in Archaean show runoff from continents). 

was why the ore elements precipitated (Figure 10.13) forming very rich 
stratiform deposits of several mineral resources (i.e., a unique gold-uranium 
deposit, Witwatersrand, South Africa, or copper deposit, Udokan, Siberia). 


Anthropogenic Carbon Dioxide in the Atmosphere 

The anthropogenic carbons effect on the Earth’s climate has often been 
evaluated on the assumption that greenhouse gases absorb heat of radiation 
in the troposphere without the understanding that most heat transfer in 
the troposphere is by convection. Earlier in this book, it was shown that an 
increase in the atmosphere’s carbon dioxide content does not increase the 
atmosphere’s absorption of energy from the Sun, resulting in an increase in 
temperature, but rather it decreases the absorption of energy, thus cooling 
the troposphere. 

Various estimates of the volume of anthropogenic carbon dioxide, 
released by burning of natural fuels are on the order of 7 to 10 billion tons 
or 1.9 to 2.7 billion tons of carbon per year. This anthropogenic and natu¬ 
ral amount of carbon dioxide is shown in the temperature chart (dashed 
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line) for the past 2,000 years (Figure 10.14). An examination of this fig¬ 
ure indicates that since the seventeenth century, there may have been a 
natural increase in temperature of one degree. It also should be noted that 
the Earths temperature is cyclic, fluctuating 1 degree over -1000-years due 
to natural, rather than man-made causes. In effect, it is not determinable 
if there is a temperature increase or decrease over short period of time. 
Human emissions of C0 2 in Figure 10.14 (dashed lin), show a very steep 
increase, but at the same time this increase has had a negligible effect on 
the Earths rate of temperature increase. 

As discussed earlier in this book, a significant increase in the carbon 
dioxide content in the atmosphere will result in cooling the troposphere, 
whereas a reduction in the carbon dioxide content would increase the 
Earth’s temperature. Again, this statement is based upon the understand¬ 
ing of how heat is transferred in the troposphere, as most heat in the tro¬ 
posphere is transferred by conduction (adiabatic) and not radiation (see 
Eq. 2.25 and Chapters 2 and 3). To compute the temperature of a planet’s 



Figure 10.14 Schematic showing relationship between global air temperature and human 
C0 2 emissions from A.D. 16 to 2010. (Evans, 2010, states that these emission figures are 
not perfect because they omit some minor causes, e.g., deforestation; however, these are 
relatively minor). Evans also noted that the temperatures frm 1850 to 1980 are suspect 
because they were obtained from land-thermometers. (Modified after Evans. 2010.) 
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atmosphere, consisting of a variety of gases, one only needs to know the 
components (type gases) and their contents in the atmosphere along 
with total pressure of the atmosphere. The partial pressure vs time for the 
Earth’s history is presented in Figure 10.15. The Earth’s (total) atmospheric 
pressure is the summation of the partial pressures of all the component 
gases. Knowing the total atmospheric pressure of a planet, one can then 
use the following equation to compute the atmospheric temperature (This 
equation was developed in Chapter 2), 


T = b a 


S(l-A) 




n 

2 




n 

2 


+ 2 


n 

\ 2 ) 


1 + cosy/ 


V 

\Po J 


(Eq. 2.25) 


where S is the solar constant at the distance of Earth from the Sun, a is the 
Stefan-Boltzmann constant; A is the planet’s albedo (for the Earth A ~ 0.3); 
y/ is the precession angle; p is the atmospheric pressure; p o is the atmo¬ 
spheric pressure at sea level, a is the adiabatic exponent + (for the Earth, 
a = 0.1905). and the coefficient b is defined by the following expression: 
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Figure 10.15 Variation of the atmospheric composition and pressure for the Earth over 
time. (Modified after Sorokhtin, 2005.) 
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The coefficient for today’s atmosphere on the Earth is ha = 1.093. 
Although the value of b does not change if the composition of atmosphere 
changes the value of ba changes with the value of adiabatic constant a. if 
the composition of the planet’s (Earth’s) atmosphere changes. 

Eq. 2.25 can be used for comparison of temperature characteristics for 
the same planet with various gas compositions in its atmosphere. Looking 
at an extreme case, if one assumes that the existing nitrogen-oxygen atmo¬ 
sphere of the Earth is replaced entirely by a carbon dioxide atmosphere, 
with the same atmospheric pressure of 1 atm and adiabatic exponent 
a = 0.1428, then the value of ba = 1.597 01428 = 1.069 and the near-surface 
temperature of the Earth would decline to 281.6 K, i.e., the atmosphere 
would then cool by 6.4 °C. This fact again exposes the statement that add¬ 
ing carbon dioxide to our atmosphere would warm the atmosphere is false. 
Many who support global warming caused by man adding carbon diox¬ 
ide to the atmosphere do not understand this. Scientific evidence shows 
that as the content of the carbon dioxide in the atmosphere increases, the 
atmospheric temperature will decrease if the total atmospheric pressure 
remains the same. 

Another example is the hypothetical situation where the Earth’s nitro¬ 
gen-oxygen atmosphere is totally replaced by a carbon dioxide atmosphere 
and then constructing the distribution of temperature (at the same atmo¬ 
spheric pressure) for the corresponding elevation. The temperature will be 
lower than that for an equivalent nitrogen-oxygen atmosphere of the Earth. 

Figure 10.16 displays the atmospheric curves showing pressure ver¬ 
sus temperature for the Venus troposphere consisting of a carbon diox¬ 
ide ( Curve 1 ) and a hypothetical Venus atmosphere of nitrogen-oxygen 
(Curve 2). In Figure 10.16, Curve 1, the graph of temperature distribu¬ 
tion for a 100% carbon dioxide troposphere lies below the graph of the 
nitrogen-oxygen, Curve 2, for all pressures (elevations). Correspondingly, 
the near-surface temperature for the carbon dioxide troposphere occurs 
6.4 °C lower than that for the nitrogen--oxygen atmosphere and not con¬ 
siderably higher, as some scientists still, erroneously, continue to believe. 
These curves demonstrate that increasing the percentage of carbon dioxide 
in the Earth’s atmosphere can only decrease (cool) the temperature of the 
Earth’s troposphere. Insignificant changes in the partial-pressure of carbon 
dioxide (few hundred ppm) would not have a noteworthy influence on the 
ability of the troposphere to absorb energy. 

By analogy, if one assumes that the existing carbon dioxide atmosphere 
of Venus was entirely replaced by a nitrogen-oxygen atmosphere, at the 
same pressure of 90.9 atm, then its surface temperature would increase 
from 735 to 796 K (462 to 523 °C). Thus, one can once again see, that for 
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Temperature, K 


Figure 10.16 Averaged temperature distributions in the troposphere of Venus: Curve 1 - 
Today’s carbon dioxide troposphere and Curve 2 - hypothetical model of a nitrogen- 
oxygen atmosphere at the same conditions. (After Sorokhtin et al, 2007, figure 7.10, 
p. 274.) 


an oxygen-nitrogen atmosphere, increasing the carbon dioxide content, 
under the same other conditions, would lead to cooling of the entire plan¬ 
ets atmosphere. 

Using Eq. 10.9, after differentiation and transition to finite differences 
(see also Khilyuk and Chilingar 2003), and if the atmospheric pressure, 
p s ~ 1 atm, one obtains the following equation: 

AT « Ta(Ap s ) (Eq. 10.11) 

where AT is the change in temperature at sea level attributed to the cor¬ 
responding change in atmospheric pressure A p s the average Earth’s tem¬ 
perature T = 288 K and the adiabatic exponent a = 0.1905. For instance, 
under the doubled carbon dioxide concentration in the Earth’s atmosphere 
from 0.046 to 0.092 mass % (as anticipated by the year 2100), the pressure 
increase, Ap , would reach 0.46 mbar. Using Eq. 10.11, AT » +0.025°C. 
This temperature rise is not associated with the change in the atmosphere’s 
composition, but due to the increase in atmospheric pressure. Thus, the 
anthropogenic carbon dioxide releases into the atmosphere have no practi¬ 
cal influence on the greenhouse effect in the atmosphere. 
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According to Henry’s law, most of the carbon dioxide released into the 
atmosphere is dissolved within the oceanic water, and upon hydration of 
the oceanic crust where it can be bound in the carbonates (some C0 2 is 
taken up by plants). Part of the atmospheric oxygen, together with carbon, 
is also fixed in carbonates. 

Upon hydration of oceanic crust rocks, a portion of carbon dioxide is 
reduced to methane. Today, due to the formation of carbonates and meth¬ 
ane generation, 2.3 x 10 8 tons/year of carbon dioxide are removed from 
the ocean and, therefore, removed from the atmosphere. The potential 
of this CO, removal mechanism, however, is much higher. Although the 
period of time for this geochemical cycle may be over 100 years, the effect 
is cumulative. 

Together with anthropogenic carbon dioxide, some oxygen is also 
removed from the atmosphere. Based on the carbon dioxide molecular 
stoichiometry, almost 2.3 g of oxygen is removed from the atmosphere for 
each gram of carbon. Provided the ocean and vegetation absorbs all excess 
carbon dioxide after the year 2100, this will likely result in a decline of 
atmospheric pressure by =0.34 mbar and, therefore, results in an additional 
climatic cooling by -8.2xlO“ 3 K ~ -0.008°C. It appears that the life activ¬ 
ity of plants could almost completely restore the equilibrium distorted by 
humans through an accelerated biomass growth. 

Historic Effect of Anthropogenic Carbon Dioxide 

Today, a major environmental concern among some is the production and 
burning of hydrocarbons and the subsequent release of the carbon diox¬ 
ide to the atmosphere. It is thought by these individuals, without scien¬ 
tific evidence or understanding of the tropospheric thermal dynamic heat 
exchange, that humans are putting carbon (in the form of carbon dioxide 
or methane) into the atmosphere and that this anthropogenic carbon will 
be responsible for global warming. The prior discussion theoretically proves 
that changes of carbon dioxide in the Earth’s atmosphere by addition of a 
greater amount of carbon dioxide will cool, not warm, the troposphere. 
Looking at the Earth’s historical temperature charts for confirmation of 
the theoretical evidence, Figure 10.14 helps to confirm that recent minor 
changes in tropospheric carbon dioxide concentration has neither cooled 
nor warmed the atmosphere. The significant rate of increase in carbon 
dioxide concentration (slope of line) has not affected the temperature cycle. 

As stated in Chapter 1, the concept of carbon dioxide warming the atmo¬ 
sphere began with Syante Arrhenius, a Swedish scientist, who was the first 
to claim that fossil fuel combustion may result in enhanced global warming 
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(Maslin, 2004; in: Enzler, 2015). He proposed that there was a relationship 
between atmospheric carbon dioxide concentrations in the atmosphere 
and global temperature. Since then, the concept has been taken as obvi¬ 
ous by many without verification (Budyko, 1997; Global warming, 1993; 
Greenhouse effect, 1989). 

The arguments for, against and why global warming occurs, have grown 
within the scientific community since Syante’s proposal, possibly due to 
not fully understanding how heat is transferred within the troposphere. In 
the upper atmosphere, where there are fewer molecules and a pressure less 
than 0.1 atm, radiation is the primary source of heat transfer. In the tro¬ 
posphere (the minimum pressure is 0.3 atm), where there are many more 
molecules per unit volume, the primary mechanism for heat transfer is 
conduction (see Chapter 2 and 3). The effect of carbon dioxide concentra¬ 
tion in the atmosphere is better understood today because of the studies 
of the historic-atmosphere found in ice cores drilled in the Antarctica and 
Greenland ice sheets. These studies show a natural cycling of the Earth’s 
temperature, some fluctuating for periods of -100,000 years/cycle, as 
ancient temperatures were directly measured in the ice-sheet-cores, for 
the last million years. A temperature chart from Antarctica (Figure 10.17) 
shows cyclic periods of temperature (Curve a) and percentage of carbon 



Figure 10.17 Curve a - Correlation between the isotopic air temperature and time. Curve 
b - Correlation between the atmospheric carbon dioxide concentration (ppmv) and 
time over the past 420,000 years at the Antarctic station Vostock, Antarctica. The CO, 
concentration and temperature data were derived from ice cores of a well drilled at that 
station to a total depth of 3,623 m. The temperature scale is the authors’ interpretation of 
the data. (Data provided by V. M. Kotlyakov.) 
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dioxide content (Curve b) of approximately 100,000 years/cycle for the 
past 400,000 years. It should be further pointed out that the carbon diox¬ 
ide curve peaks occur after temperature increases in the tropospheric 
temperature chart by 400 to 1,000 years, as determined by many historic 
atmosphere studies in Antarctica and Greenland. 

Of importance is the fact that the atmospheric carbon dioxide content 
(Curve b), follows the temperature (Curve a). This relationship is common 
to the many ice core studies done in Greenland and Antarctica, although 
the period of time that the carbon dioxide curve follows the temperature 
cure varies between 400 and 1,000 years. The only likely conclusion is that 
the rise in measured temperature results in an increase of the atmospheric 
carbon dioxide content (see Chapter 15 for a detailed description). 

It has been proposed by several investigators, including Robertson and 
Chilingar (2017), that this phenomenon of increasing carbon dioxide is the 
result of rising ocean water temperature (rising temperature reduces the 
carbon dioxide gas solubility in the ocean) and forcing the dissolved car¬ 
bon dioxide in the ocean water (reservoir) into the atmosphere (reservoir) 
(see Robertson and Chilingar, 2017, Chapter 4). 

Today, some investigators, ignoring the Earth’s historic temperature 
charts, have erroneously suggested that Earth’s global temperature is cur¬ 
rently warming. However, Monctkon (2015) in a review of Earth’s lower 
atmosphere temperature data, obtained by satellite, has noted little evi¬ 
dence of either warming or cooling for the past 17 years. Bastasch (2015) 
in a similar study, after a review of the data and collection methods from 
America’s most advanced climate monitoring system, the National Oceanic 
and Atmospheric Administration (NOAA), also found that the U.S. has 
undergone a mild cooling trend over the last decade, despite recent state¬ 
ments by some scientists claiming that global warming has been acceler¬ 
ated worldwide. Figure 10.18 was prepared by the U.S. Climate Reference 
Network, developed by NOAA gathered over the past ten years to provide 
high-quality climate data. NOAA’s network consists of 114 stations across 
the U.S. 

A review of temperature deviation data over the past 2,000 years reveals 
that the Earth’s temperatures have been mildly cyclic over this period and 
that we are currently in a modern warm period (Figure 10.19). An exami¬ 
nation of this figure indicates a cycling of temperature and an overall gen¬ 
tle cooling period from AD 1000 to 1700 and that the temperatures are: 
(1) cyclic and (2) today’s warm temperatures are cooler than the earlier 
medieval warm period. 

Evans (2010) studied the relationship between global atmospheric car¬ 
bon dioxide content, human generated carbon dioxide emmissions versus 
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Figure 10.18 Contiguous U. S. average temperature anomaly (°F) from 2005 to 2015. 
(After Watts, 2015; source NOAA U.S. Climate Reference Network, USCRN.) 



Figure 10.19 A reconstruction of temperature deviation, to the 1961 - 1900 mean 
temperature for the Earths Northern Hemisphere during the last two millennia. The 
fact that the current warm period is not exceptional is clearly shown. (Modified after 
Geografiska Annaler, 2010.) 


global temperature from A.D. 16 to 2010. He noted that the significant 
increase in human carbon dioxide emissions shown in Figure 10.14, 
appeared to have had little or no effect on the cyclic global temperatures 
over this period. In fact, there is no justification for claiming that increased 
carbon dioxide content due to human activity can increase the global 
temperature. Examining only the supposed human-generated carbon 
emissions and then comparing the data to the global temperature charts, 
there is no significant relationship between the increase of man-made 
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emissions of carbon content, in the atmosphere and the temperature 
increase (Figure 10.14). This also assumes that the increase in global tem¬ 
perature is due to the increased C0 2 emissions and no other factors, e.g., 
the Sun/Earth relationship and volcanism. Further supporting the notion 
that C0 2 emissions are not a factor in raising global temperatures, Evans 
(2010) noted that this figure shows that today’s global warming trend was 
initiated prior to 1700; however, the additional man-made emissions had 
negligible effect on temperatures from 1850 to 1940, indicating that there 
is no possibility that humans initiated global warming. Evans (2010) data 
also questions if there has been any significant global warming since 1998. 
Since a quarter of all emissions caused by human activity have occurred 
in the past 12 years, why have we not seen a greater increase in tempera¬ 
ture? Jones (2009) stated that perhaps man-made emissions of C0 2 have 
merely aggravated the current global warming trend. He also pointed out 
that 85% of all such emissions have occurred after 1945. The post-World 
War II industrialization greatly accelerated human emissions as shown in 
Figure 10.17. 

Hiebe (2009) has suggested that we are currently in an ice age climate 
period. “However, for the last 10,000years we have enjoyed a warm hut tem¬ 
porary interglacial vacation” This temperature record is chronicled in the 
geological records, e.g., (1) ocean sediments and ice cores from permanent 
glaciers that have formed in the last 750,000 years and (2) interglacial peri¬ 
ods that occur at =100,000-year intervals. Hiebe (2009) also suggested that 
these cycles have been occurring for the past 2 to 4 MY although the over¬ 
all Earth’s temperature, as investigated by Robertson and Chilingar (2017) 
and by several other investigators utilizing many independent methods, 
has been continuously cooling for the past 65 MY (see Figures 1.3, 1.4, 
and 1.5). 

The above discussion leads to only one conclusion: the theoretical 
effect of increasing the content of carbon dioxide emissions doesn’t lead 
to warming of the troposphere and this theory is strongly confirmed by 
historical evidence. 
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Ozone in the Earth’s 
Atmosphere 


Properties of Ozone 

Ozone (0 3) is a pale bluish colored gas with a pungent odor, composed of 
three atoms of oxygen. Normal oxygen (0 2 ) is a gas that humans breathe, 
which has two oxygen atoms and is colorless, odorless and represents about 
21% of the Earth’s atmosphere. 

The ozone molecule is very rare in the Earth’s atmosphere, averaging 
about three molecules of ozone for every 10 million air molecules. About 
90% of the ozone is found in the stratosphere where it is concentrated in 
a layer, about 16 to 40 kilometers (6 to 31 miles) above the Earth’s surface 
(Figure 11.1). Ozone concentrations in this layer are typically only 1 to 
10 parts of ozone per 1 million parts of atmosphere (air), compared with 
about 210,000 parts of oxygen per 1 million parts of air. The other 10% of 
the ozone is found in the troposphere with concentrations ranging from 
=0.02 to 0.3 parts per million. Welch (2017) noted that the ozone layer 
extends over the entire globe with some variation in altitude and thickness, 
being thinner about the south pole. 
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Figure 11.1 Ozone concentration in the Earth’s troposphere and stratosphere. (After 
Ozone, 2014.) 



Figure 11.2 Diagram of ozone molecule. (After Boundless, 2017.) 


Ozone is a bent molecule (Figure 11.2), with C 2v symmetry, similar to the 
water molecule. According to Wikipedia (2017): (1) the 0-0 distances are 
127.2 pm (1.272 A); (2) the 0-0-0 angle is 116.78°; (3) the central atom 
is sp 2 hybridized with one lone pair; (4) ozone is a polar molecule with a 
dipole moment of 0.53 D; and (5) ozone is unstable and very reactive. 

Ozone is slightly soluble in water, and much more soluble in inert non¬ 
polar solvents such as carbon tetrachloride (CC1 4 ) or fluorocarbons, where 
it forms a blue solution. 


Ozone Layer as the “Earth’s Shield” 

According to Khromov and Petrosyan (2001), ozone absorbs the solar radi¬ 
ation with the wave lengths ranging from 0.15 to 0.29 mm of the solar spec¬ 
trum, providing a shield that protects life on the Earths surface. Whereas 
both oxygen and ozone together absorb 95 to 99.9% of the Suns ultravio¬ 
let radiation, ozone effectively absorbs most of the ultraviolet light known 
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Figure 11.3 UV protection by the ozone layer. UV represents the Suns ultraviolet (UV) 
radiation which is made up of three types of rays -- ultraviolet A (UVA), ultraviolet B 
(UVB), and ultraviolet C (UVC). UVC is the most dangerous type of ultraviolet light but 
cannot penetrate Earth’s protective ozone layer. (After Welch, 2017.) 

as UV-A and UV-B, which can cause biological damage (Figure 11.3). 
Ultraviolet UV-B is absorbed by the ozone layer and little of it reaches the 
Earth’s surface. The term shield as a description of the layer of ozone in 
the stratosphere is a bit misleading, because the molecules do not form an 
impermeable sphere around the earth. But they do block out, or absorb, 
about 50% of the incoming Sun’s rays (Welch, 2017). 

Ozone is a very reactive gas and considered unstable. It continuously 
breaks apart into its oxygen atoms and then reforms as an ozone molecule. 
As an ozone molecule, it doesn’t last very long. Although the shield (layer of 
ozone molecules) changes constantly, the atmospheric chemical processes 
maintain a dynamic equilibrium that keep the overall amount of ozone in 
the atmosphere constant (Welch, 2017). 

Ozone is constantly being formed by the reaction to the Sun’s ultraviolet 
radiation on oxygen molecules in the Earth’s atmosphere. The UV light 
rays split the gas molecules (0 2 ) apart by breaking the bonds between the 
atoms. The reactive free oxygen atom then collides with another oxygen 
gas molecule to form an ozone molecule. Because ozone is unstable, ultra¬ 
violet light supplies the energy that quickly breaks it up, and the process 
begins again (Welch, 2017). 

Atmospheric Gases Ability to Absorb Energy 

It is often assumed that the energy absorption (UV portion of the solar 
radiation) occurs in the stratosphere due to the ozone (a triatomic oxygen) 
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Figure 11.4 Wave length radiation absorptivity for various gases of the atmosphere. 

An absorptivity of zero means no absorption, while a value of one means complete 
absorption. The dominant gas absorbers for infrared radiation are water vapor and carbon 
dioxide, oxygen and ozone. (After J. N. Howard, 1959: Proc. I.R.E. 47, 1459; and R. M. 
Goody and G.D. Robinson, 1951: Quart. H. Roy. Meteorol. Soc. 77, (153); in: http://www. 
climatesight.org/2011/03/30/ozone-depleytion-and-climate-change/.) 


forming reaction and that the stratospheric ozone is the primary medium 
that absorbs the solar UV radiation. Khromov and Petrosyants (2001) and 
Real Science (2014) note that ozone absorbs the solar radiation with the 
wavelengths of 0.15- to 0.29-mkm, which is, in the UV portion of the solar 
spectrum. However, there are several other atmospheric gases that also 
absorb radiation. Figure 11.4 lists the ability of several atmospheric gases 
that absorb energy as a function of the wave length radiation. 

The absorption of solar UV rays within the Earth’s atmospheric layers is 
mostly associated with the photochemical dissociation of the oxygen mole¬ 
cules accompanied by absorption of the energy of the hard-solar radiation. 
The absorption of the Sun’s UV radiation occurs within the stratosphere 
and mesosphere due to oxygen molecule dissociation into the atoms: 

0 2 +hv^20 (Eq. 11.1) 

where hv is the energy of the Sun’s UV radiation, h (6.626 x l(V 27 erg ■ s) is 
the Planck’s constant, v is the frequency of the absorbed UV electromag¬ 
netic fluctuations. For Eq. 11.1, hv = 5.12 ev; v 3 1.24 X 10 15 Hz at the wave 
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Figure 11.5 Current solar radiation spectrum (solid line) compared to the spectrum of 
absolute black body at 6000 K (dashed line). Symbols N2, 02, and 03 indicate the spectrum 
lines (Fraunhofer lines) of nitrogen, oxygen, and ozone molecules corresponding to the 
dissociation energy of these molecules. (After Sorokhtin et al, 2011, figure 12.46, p. 463.) 


length X < 2420 A. The reverse reaction of oxygen atoms joining into a 
molecule occurs with the energy (heat) released 

0 + 0 —^ 0 2 +118 kcal/mol. (Eq. 11.2) 

Similar reactions occur with nitrogen gas in the atmosphere: 

N 2 + /tv —» 2N and N + N —>• N 2 + Q. (Eq. 11.3) 

The nitrogen effect may be disregarded, as the solar hard radiation 
intensity at the frequency of the nitrogen molecules dissociation, is about 
four orders of magnitude lower than at the oxygen dissociation frequency 
(see Figure 11.5). 

The water vapor and carbon dioxide percent concentrations in today’s 
stratosphere are too low to be considered. A different situation occurred in 
the Archaean time with an atmosphere of a denser carbon dioxide content 
and pressure that reached 5 atm. Because of this, in the Archaean time 
the absorption of the solar UV radiation was at least as intense under the 
reaction for C0 2 dissociation: 


C0 2 + hv —» CO + O . 


(Eq. 11.4) 
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During the Archaean time, like in the Proterozoic, warm climate with its 
nitrogen oxygen-devoid atmosphere, the UV radiation was apparently also 
absorbed in the troposphere by water vapor (humidity) dissociation within 
the cloud cover according to the following equation, 

OH + O —» H,0 + Q (Eq. 11.5) 

Because of the atmospheric radiation-convection balance, the average 
temperature at the surface of the Earth is positive +15 °C, although its fluc¬ 
tuations in different climatic zones may reach 150 °C. 

0 2 + hv —> 20 (Eq. 11.6) 

H 2 0 + hv —» OH + O (Eq. 11.7) 

Today, absorption of the Sun’s UV radiation in the tenuous air of the 
troposphere, stratosphere and mesosphere is caused mostly by the photo¬ 
chemical dissociation of oxygen and water molecules, which is accompa¬ 
nied by the absorption of the Sun’s hard radiation. 

Solar energy absorption occurs with ozone dissociation. Under the con¬ 
servation of energy law, the amount of the absorbed energy is the same as 
in its formation, that is, hv = 24 kcal/mol: 

0 2 +0—» 0 3 +hv, (Eq. 11.8) 

0 3 +hv —>• 0 2 +0 (Eq. 11.9) 

The heat release in the ozone molecule formation results in the heat¬ 
ing of the tenuous air mass in the stratosphere and mesosphere which 
is clearly seen on a temperature profile of the atmospheric layers (see 
Figure 11.1). 

The formation of ozone can only occur with the heat release under an 
exothermal reaction and not with the absorption of the solar radiation 
energy as is still sometimes believed: 

O z +0 —» 0 3 +24 kcal/mol (Eq. 11.10) 

The absorption of the IR solar radiation will only occur with ozone dis¬ 
sociation. Under the energy conservation law, at ozone decomposition into 
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the source components, the same energy amount is absorbed as in its for¬ 
mation, i.e., hv = 24 kcal/mol: 

0 3 +24 kcal/mol —»0 2 +0 (Eq. 11.11) 

The molecular dissociation energy is usually measured in electron- 
volts, 1 ev = 1.602 x 10' 12 erg or 23.045 kcal/mol. The dissociation of one 
oxygen molecule is accompanied by the energy absorption, E, about 5.12 
ev or 8.203 X 10“ 12 erg, =118 kcal/ mol, and that of carbon dioxide, by the 
energy absorption 5.45 ev or 8.731 x 10“ 12 erg, =125.6 kcal/ mol, at water 
dissociation, 5.11 ev or 8.186 x 10~ 12 erg, =117.8 kcal/mol of energy is 
absorbed, and at ozone dissociation, about 1.04 ev or 1.67 x 10~ 12 erg, =24 
kcal/mol more. The critical frequencies at absorption of the electromag¬ 
netic waves of these reactions are apparently, v = E/h, where, E is given 
in ergs, and the critical wave lengths l = c/v cm, where c = 2.998 X 10 10 
cm/s is the light velocity At the oxygen dissociation, the absorbed fre¬ 
quencies are higher than 1.238 x 10 15 Hz, and the wave lengths are shorter 
than 2.422 X 10 -5 cm; at carbon dioxide dissociation, the frequencies 
higher than 1.318 x 10 15 Hz are absorbed, and the wave lengths shorter 
than 2.275 x 10 -5 cm; at the water molecule dissociation, the frequencies 
higher than 1.235 X 1015 Hz are absorbed, and the wave lengths shorter 
than 2.427 x 10“ 5 cm. Therefore, the dissociation of oxygen, carbon diox¬ 
ide, and water molecules must result in the absorption of the solar UV 
radiation, as all dissociation spectra of these molecules are within the UV 
portion of the spectrum. The boundary of the visible and UV radiation 
in the solar spectrum is at the frequency v = 1 x 10 15 Hz (/ = 3 X 10“ 5 cm). 
The restoration of oxygen, carbon dioxide, and water molecules apparently 
results in the heat release Q and is exactly equal to the dissociation energy 
of these molecules. The described reactions convert the energy of the solar 
UV radiation into heat. 

The frequency of the solar radiation absorption by ozone is 
v = 0.252 X 10 15 Hz or X < 1.19 x 10 -4 cm. This is within the IR portion 
of the spectrum; therefore, ozone can only absorb the short-wave portion 
of the heat waves and the adjacent low-frequency area of the visible solar 
radiation but not the UV (see Figure 11.5). 

The above estimates and reasoning lead to a conclusion that was impor¬ 
tant for life on the Earth, beginning in Archaean time, at the very moment 
of the appearance of life on the Earth, the Earth’s surface was never sub¬ 
jected to intense solar UV radiation which allowed life to evolve directly on 
the Earth’s surface. This is supported by the emergence in Early Proterozoic 
time of red-colored weathered crusts formed because of iron-oxidizing 
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bacteria metabolism (Anatolyeva, 1978). The similar Archaean time crusts 
apparently were not preserved due to an active erosion of Archaean time 
continents. 

Only the young Earth in Katarchaean (4.6 to 4 BY ago) was totally devoid 
of a hydrosphere and chemically active atmosphere, so it was actively irra¬ 
diated by the intense UV radiation, which completely prohibited the emer¬ 
gence of life on the Earth prior to the Archaean time. 

Looking at today’s conditions and to the dissociation of only 
atmospheric oxygen, if after the dissociation of oxygen molecules, all 
released oxygen atoms recombine, the released heat may be determined 
as follows: 


Q = 


hvN A 


= v 


hN, 

K tJ 


= 9.531xlO _11 v 


(Eq. 11.12) 


Here, the Avogadro’s number, N A = 6.023 X 10 23 and K [d - 4.187 x 
10 7 erg/cal is the thermodynamic conversion factor from ergs to calories. 
Then, for oxygen, 

(1.24 x 10 15 )( 9.531 x 10 n ) = 118,184 cal/mol ~ 118.2 kcal/rnol 

and for ozone: 

(0.252 X 10 15 )(9.531 X 10 n ) = 24,018 cal/mol - 24 kcal/mole. 

Therefore, the inverse recombination reactions of the earlier dissociated 
oxygen molecules into air molecules, transform the energy of the solar UV 
radiation into the heat energy, and is spent for the heating of a thin layer 
of stratospheric or mesospheric air at a height of 15 to 80 km. This can be 
clearly seen on the temperature profile of these atmospheric layers (see 
Figure 11.6). 

The confusion with the UV radiation absorption by ozone is likely asso¬ 
ciated with the assumptions in the calculations of the ozone molecules’ 
complete dissociation into three oxygen atoms at once, with the absorption 
of energy of 24.02 + 118.18 = 142.2 kcal/mol. This process is a two-step 
one: (1) Initially, ozone releases only one atom (Nekrasov, 1973), with the 
absorption of 24.02 kcal/mol, and (2) then the remaining molecules mix 
with the atmospheric oxygen and dissociates with the absorption of 118.18 
kcal/mol, but only if affected by the other photons as is shown under reac¬ 
tion in Eq. 11.1. 
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Figure 11.6 Temperature distribution in the Earth’s atmosphere (Atmosphere of Earth, 
1988). T is the Earth’s effective temperature: T is the Earth’s average temperature 
normalized for sea level. DT is the greenhouse effect value. T bb is the absolute black-body 
temperature at the distance of the Earth from the Sun. The tropopause temperature ranges 
from 190 to 220 K. (After Sorokhtin et al, 2011, figure 13.2, p. 473.) 


The atmospheric pressure at the elevation h is approximately 


Ph 



(Eq. 11.13) 


where the pressure at the Earth surface is p o = 1.013 mbar; the grav¬ 
ity acceleration is g- 981 cm/s 2 ; the air mixture average molar weight is 
m = 28.89; the gas constant is R = 8.314 X 10 7 erg/mol • deg; the approxi¬ 
mate temperature at the stratosphere/mesosphere boundary is T ~ 270 K, 
that is, at the elevation of the maximum stratosphere heating of about 
50 krn (Figure 10.6). Then pressure at that elevation is: 


P 50 


5xl0 6 


1.013e 


981x28.89 V 
8.314x10 7 x270 J 


= 1.837 mbar 


At the adiabatic air temperature distribution, within the atmosphere, its 
undisturbed value at the elevation, h, (Sorokhtin, 2011) is: 


T h = 288 


r „ \ 
Ph 

\Po J 


(Eq. 11.14) 
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where a = 0.1905 is the atmospheric adiabatic exponent and 288 K is the 
average Earth temperature at sea level. Then the adiabatic temperature at 
the elevation of about 50 km will be: 


T 


= 288 


^1.837 
v 1013 


x 0.1905 


87 K 


At recombination of the oxygen atoms into the molecules under reac¬ 
tion (Eq. 11.2), additional stratosphere heating occurs. If the fraction of 
the dissociated oxygen molecules was only 0.3% (S = 0.003), then the heat 
emitted in today’s atmosphere is: 


AT = 



c 


p 


0.003 


^118,000 
v 1.962 


180 K 


where the air heat capacity, c ~ 1.962 cal/mol • deg, at 87 K the resulting 
temperature at the 50 km elevation will be (87 + 180) = 267 ~ 270 K as 
shown in Figure 11.6. 

At elevations below 50 km, the UV radiation intensity declines. Thus, the 
relative number of the molecule dissociation events significantly decrease, 
and so does the stratosphere heating. At the same time, at greater eleva¬ 
tions the decrease in the number of the molecule dissociation events is in 
proportion with the exponential air pressure decline in the same direction. 

The ozone’s mass content in the atmosphere is about 3.6 x 10 5 %. Thus, 
if every single ozone atom takes part in the absorption of the solar IR 
radiation, a similar calculation of the stratosphere and mesosphere heating 
will be only 6.7 K. Therefore, the ozone formation may result in a signifi¬ 
cantly smaller, by the factor of 30, atmosphere heating than the observed. 
This confirms the hypothesis according to which the responsibility for the 
absorption of the solar UV radiation lies not with ozone but with the dis¬ 
sociation process of oxygen molecules into atoms. 

Figure 11.7 describes the variation of the ozone concentration for the 
Earth’s atmosphere versus time. The percentage ozone appears to be related 
to sunspot activity. In times of greater sunspot activity, there is a lower 
ozone content in the atmosphere. In general, this figure shows that the level 
of ozone has decreased from prior years. 

The emergence of the oxygen atoms in the transition layer between the 
stratosphere and mesosphere results in the occurrence in that layer of a 
noticeable, oxidizing environment, which leads for instance, to the oxidiz¬ 
ing of any methane which happens to get there: 
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Global total ozone change 
Changes from 1964-1980 average 



Figure 11.7 Variation in the global ozone concentration with time. It has leveled off 
after years of decline and has been rising since 1993. (After http://w.w.w.climatesight. 
org/2011/03/30/ozone-depletion-and-climate-change/.) 


CH 4 (methane)+ 0 —» HCOH(formalehyde) + H 2 +9.8 kcal/mol 

(Eq. 11.15) 

H ? + O —^ H^O + 57.8 kcal/mol (Eq. 11.16) 

HCOH + O —>CO z +H 2 +55.4 kcal/mol (Eq. 11.17) 

H 2 + O —^ H 2 0 + 57.8 kcal/mol (Eq. 11.18) 

These reactions decompose the methane, thus stabilizing its atmospheric 
concentration. They also contribute to the stratosphere and mesosphere 
heating, which, however, is insignificant due to the low-atmospheric con¬ 
centration of methane. 

Therefore, ozone dissociation and even more so its formation cannot 
absorb the solar UV radiation as these reactions occur in the IR radiation 
domain. The solar UV radiation, with a wavelength shorter than 0.24 mcm 
(2400 A ) is absorbed only by the oxygen dissociation process. Repeated 
recombination of the oxygen atoms into molecules results in heating the 
stratosphere and mesosphere. Thus, the ozone layer in the stratosphere is 
not a protective shield against the UV radiation which is deadly for all 
living things. The real shield is the oxygen. Still, ozone is generated due 
to merging of the oxygen atoms released upon the absorption of UV 
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radiation with the oxygen molecules in the air. The ozone concentration in 
the stratosphere may be an indication, but not the cause of the absorption 
of the solar UV radiation. This justifies a closer examination of the ozone 
layer, although the ozone formation appears to be just a consequence and 
not the cause of the absorption of the solar UV radiation. 

The Ozone Hole 

In 1984, British Antarctic Survey scientists Farman, Gardiner, and Shanklin 
recognized the phenomena of the springtime ozone thinning in the polar 
area, occurring in the lower layer of the stratosphere over Antarctica. Since 
then, it has also been identified as taking place in other areas of the ozone 
layer. Their paper was published in Nature, May 1985. Their immediate 
question was what did this hole mean and how did it occur? 

It was first suggested that the ozone hole in the Antarctic was a prod¬ 
uct of pollution by carbon dioxide and related to the mechanism of global 
warming, pertaining to the pollution of carbon dioxide and thinning of the 
ozone layer. Environmentalists began making numerous apocalyptic pre¬ 
dictions pertaining to these holes, assuming incorrectly, that these holes 
are somehow related to atmospheric carbon dioxide content. Research on 
this topic, since 1986, has shown that the ozone hole is not related to global 
warming or the carbon dioxide pollution, but rather sunspot activity and 
is not a mechanism of global warming (Maugh II, 1986). The thinning 
of ozone layer in the polar area over Antarctica is most likely caused by 
increased sunspot activity, solar, rather than by man-made carbon dioxide 
as shown in Figure 10.7 (Tallbloke, 2015). While solar sunspot number 
closely follows Earth’s temperature anomaly, the carbon dioxide content 
of the atmosphere does not. This increased solar activity produces its most 
dramatic effect over Antarctica because of its long, lightless and cold win¬ 
ters and explains the thinning that has been observed for other sites of the 
ozone layer around the world. 

The ozone holes are in the region of the stratosphere, located primar¬ 
ily in the polar and temperate latitudes, with a reduced (by approximately 
20-30%) concentration of ozone. As a rule, these holes tend to emerge 
during the winter and spring time above areas of stable anticyclones, 
e.g., Antarctica and Yakutia. In winter for the Antarctic polar region, this 
thinning is partially due to the uplifting air masses which overflow into 
the stratosphere (Zueva et al, 2015). As a result, the ozone layer above 
these areas is rarefied. In summer time, the ozone holes shrink or totally 
disappear. 
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This phenomenon was brought to the attention of scientists at the end of 
the 1950s when the researchers began measuring the ozone concentration 
in the stratosphere. The first ozone hole was discovered in Antarctica and, 
shortly after, speculation on the possibility of their anthropogenic origin 
was prevalent. Freon gas was at that time identified as the most probable 
culprit for the hole. However, several crucial factors remained unexplained: 
(1) why the deepest and widest holes in the ozone layer were observed in 
the Antarctica (the Southern Hemisphere), whereas freon gas was released 
mostly in the Northern Hemisphere; and (2) during volcanic eruptions, nat¬ 
ural freons were released into the atmosphere in significantly greater quanti¬ 
ties than the quantities of industrial freons. Energetically and quantitatively, 
the quantity of industrial freons are insignificant compared to the role played 
by natural gases (methane, hydrogen, and natural freon) of volcanic origin. 

Initially, it was publicized that the shrinking of the ozone layer spelt 
doom for humanity. There were conflicting reports from several observers 
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Figure 11.8 The images of the ozone hole display the variability of the size of the hole, 
each September over many years. The size of the ozone hole relates to the number of 
sunspots or period of the sunspot cycle and not to the carbon dioxide content of Earth’s 
atmosphere. (After D’Aleo, 2011.) Figure 11-9. Actual Photos of the Antarctic ozone hole 
(black center) showing two extremes of the hole width. This hole was not visible in 1970, 
but it was very visible (see dark black area) in 2008. (NASA images courtesy Goddard 
Space Flight Center, Ozone Processing Team.) 
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1970 2008 


Figure 11.9 Actual Photos of the Antarctic ozone hole (black center) showing two 
extremes of the hole width. This hole was not visible in 1970, but it was very visible (see 
dark black area) in 2008. (NASA images courtesy Goddard Space Flight Center, Ozone 
Processing Team.) 

reporting on the shrinking and/or increasing of the total global ozone 
levels. Satellite pictures of the growth and shrinkage of the hole are avail¬ 
able on the internet (Figure 11.8). Ajavon et al. (2007) has reported that 
the global ozone atmospheric concentrations have decreased since 1975 
(see Figure 11.7). An examination of this curve indicates a cyclic nature, 
the thickness of this layer with a minimum value occurring around 1992. 
Typical satellite photographs of the ozone hole over Antarctica are shown 
in Figures 11.9, displaying a minimum and maximum width of the ozone 
hole. A yearly collection of ozone hole photos shows that this hole opens 
and closes, possibly cyclic with respect to the quantity of energy received 
from the Sun. In general, the ozone layer thickens when the hole closes. 
Figure 11.10 shows the hole located over Antarctica in 2011. 

The Antarctic ozone hole, was studied by Zueva et al. (2015) who 
recorded the following: the heterogeneous chemical reactions releasing 
the photochemically active molecular chlorine that plays a key role in the 
Antarctic stratospheric ozone destruction. One of the principal compo¬ 
nents in these reactions is the hydrogen chloride (HC1) that forms on the 
surface of the polar-stratospheric-clouds (PSCs) during the polar nights 
at temperatures lower than -78 °C. PSCs form mainly on sulfuric acid 
(H,S0 4 ) aerosols and act as condensation nuclei, which are formed from 
sulfur dioxide (S0 2 ). However, the cause of HC1 and H,S0 4 high concen¬ 
trations in the Antarctic stratosphere, leading to considerable springtime 
ozone depletion, is still not clear. Based on the NCEP/NCAR reanalysis 
data over the last 35 years and by using the NOAA HYSPLIT trajectory 
model, shows that the Erebus volcano gas emissions include HC1 and 
S0 2 , reaching the Antarctic stratosphere via high-latitude cyclones with 
the annual average probability, P ann of at least -0.235 (23.5%). Depending 
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Arctic ozone hole 
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Figure 11.10 Photo of Antarctic area in 2011 displaying continents and low-pressure 
areas. (After NASA, 2011.) 


on Erebus activity, this corresponds to additional annual stratospheric 
HC1 mass of 1.0 to 14.3 kilotons (kt) and S0 2 mass of 1.4 to 19.7 kt. Thus, 
Erebus volcano is a natural source of additional stratospheric HC1 and 
S0 2 , and hence, the cause of the Antarctic ozone depletion (Zueva et al, 
2015). 

Ozone holes in the Earth’s atmosphere are not limited to just over the 
Antarctic. On March 15,2011, a record ozone layer loss was observed, with 
about half of the ozone present over the Arctic having been destroyed. This 
change was attributed to the increasingly cold winters in the Arctic strato¬ 
sphere at an altitude of approximately 20 km (12 mi). By March 25, the area 
had experienced an 80% loss of ozone. This was the largest loss compared 
to those observed in previous winters with the possibility that it could 
become an ozone hole in the stratosphere. Its occurrence would require 
that the quantities of ozone fall below 200 Dobson units, from the 250 that 
were recorded over central Siberia (China, 2006). 

In 2003, a 2.5 million km 2 with a minimum value of only 190 DU, ozone 
hole was detected over Tibet (China, 2006). Again, in 2011, an ozone 
hole appeared over the mountainous regions of Tibet, Xinjiang, Qinghai 
and the Hindu Kush, along with an unprecedented hole over the Arctic 
(Figure 11.10). The Tibet hole was far less intense, however, than those 
over the Arctic or Antarctic. It was the first time that an ozone mini-hole 
or an extremely low ozone event had been found to occur over the Tibetan 
Plateau. 
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Ozone - Methane Reaction 

The chemical reaction of methane with ozone occurs as a multi-step 
sequence: 

CH 4 +40 3 —»CO, +2H 2 0 + 40 2 +64.96 kcal/mol (Eq.11.19) 

and 

H 2 +0 3 —> H,0 + 0 2 +25.1 kcal/mol (Eq. 11.20) 

where quantity of heat formation of the above constituents is: CH 4 = 17.89 
kcal/mol; 0 3 = 34.50 kcal/mol; 0 2 = 2.80 kcal/mol; El, = 1.00 kcal/mol; 
H 2 0 = 57.80 kcal/mol; and CO, = 94.05 kcal/mol. 

The amount of heat generated by the ozone-freon reaction is signifi¬ 
cantly lower and less than several kcal/mol. Thus, the reaction of ozone 
destruction by methane releases a far greater amount of energy. According 
to Eq. 11.19, 4.062 kcal/g of energy is released as a result of the reaction of 
1 g of methane with ozone in the stratosphere. As a comparison, burning 
of 1 g of methane in the air produces 11.98 kcal/g: 

CH 4 + 20 2 —E CO, + H 2 0 +11.98 kcal/g (Eq. 11.21) 

The formation of serpentines in the process of oceanic crust hydration 
releases about 6 million tons/year of CH 4 and 10 million tons/year of H,, 
whereas the technogenic release of freon does not exceed 100,000 tons/ 
year. To this amount one should add many tens of millions of tons of meth¬ 
ane and hydrogen entering the atmosphere from the tectonically active 
regions and the tropical forests. In addition, methane is emitted from the 
marshes of the northern regions of Canada and Eurasia. The total mass of 
natural gases entering the Earths atmosphere reaches hundreds of millions 
of tons annually. The amount of natural methane, hydrogen, and volcanic 
Freon entering the atmosphere is almost four orders of magnitude higher 
than the amount of technogenic freon. The heating effect from the reaction 
of methane with ozone within the atmosphere is considerably higher than 
the chemical reaction of freon with ozone. 

Kapitza and Gavrilov (1996) showed that variations in ozone concentra¬ 
tion in the stratosphere are solely natural and occur with seasonal peri¬ 
odicity. Moreover, they discovered that the ozone concentration in the 
layers above the equatorial and tropical areas was lower than that within 
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the deepest ozone holes at the near-polar areas. The fluctuations in concen¬ 
tration in the ozone layer are natural and cannot be attributed to human 
activities. 

This leads to the following conclusion: “the anthropogenic effect on the 
ozone layer in the stratosphere is negligible in comparison with the effect 
of natural factors.” They are approximately three to four orders of magni¬ 
tude lower. 


Concluding Remarks 

In summary, the layer of stratospheric ozone is primarily created by ultra¬ 
violet (UV) radiation coming from the Sun. The Suns energy varies, espe¬ 
cially over the 11-year sunspot cycle. The length of this cycle is now under 
study; some researchers are suggesting a longer, 15-year cycle (Tallbloke, 
2015). During the high-energy emission phase of this sunspot cycle (see 
Figure 10.7), more stratospheric ozone is produced, due to the increased 
UV coming to the Earth. This process increases the average ozone concen¬ 
tration in the stratosphere over the Earth’s poles by =4%, but when aver¬ 
aged out over the whole Earth, however, the world average ozone increase 
is only ~2% (Ozone, 2009). Observations of ozone levels since the 1960s 
(Figure 11.7) have shown that total atmospheric levels have decreased by 
1-2% from 1965 to 2005. 

Unusual solar activity can cause the ozone levels in the upper strato¬ 
sphere to be substantially depleted, but since most of the ozone is in the 
middle stratosphere, the effect on the total ozone layer is negligible (Ozone, 
2009). 

As discussed in the prior section, volcanic eruptions can have a dimin¬ 
ishing effect on the ozone layer. Zueva et al. (2015) has noted that in 
Antarctica, large volcanic eruptions can inject significant quantities of 
chlorine, e.g., hydrochloric acid, into the stratosphere where the highest 
concentrations of ozone are found. However, most of the volcanic erup¬ 
tions are too weak to reach the stratosphere, around 10 km above the 
surface (Ozone, 2009). In 1991, Mt. Pinatubo in the Philippines erupted, 
sending tones of dust and gas high into the atmosphere, which caused 
global reductions in the ozone layer for two to three years. Thus, large vol¬ 
canic eruptions may also increase the rate of stratospheric ozone depletion. 
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Evolution of Atmospheric 
Composition and Pressure 


The thickness of the Earth’s atmosphere is about 300 miles (480 kilometers). 
Due to gravity, most of the mass of the total atmosphere lies within a layer 
=8 miles (16 km) thick over the Earth’s surface. The lowest layer of the 
Earth’s atmosphere is referred to as the troposphere. As described in the 
earlier chapters, the Earth’s atmosphere composition and pressure have 
changed over time. The components of today’s atmosphere are listed in 
Table 12.1. Air pressure decreases with altitude because of gravity as shown 
in Table 12.2. At sea level, the air pressure is =14.7 pounds per square inch 
(1 kilogram per square centimeter). At 10,000 feet (=3 km), the air pressure 
is much lower, 10 lb/in 2 or psi (0.7 kg per square cm). 


Partial Pressure of Atmospheric Gases 

The total pressure of the Earth’s atmosphere is a summation of the partial 
pressures of all the gases that make up the atmosphere. These primarily 
include nitrogen, oxygen, argon, carbon dioxide, methane and water vapor 
(see Table 12.1). A plot of the historic evolution of the Earth’s atmosphere 
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Table 12.1 Composition of Earth’s current dry atmosphere. (Data from Sflps, 
2017.) 


Component 

Symbol 

Percent by 
volume 

Mixing ratio 

Concentration, 

PPM 

Nitrogen 

n > 

78.084% 

0.78 

780.840.0 

Oxygen 

T 

20.945% 

0.209 

209.460.0 

Argon 

Ar 

0.934 

0.00934 

9,340.0 

Carbon dioxide 

CO, 

0.036 

0.00036 

360.0 

Neon 

Ne 

0.00182 

0.0000182 

18.2 

Helium 

He 

0.000524 

0.0000052 

5.24 

Methane 

A 4 

0.00015 

0.0000015 

1.5 

Krypton 

Kr 

0.000114 

0.00000114 

1.14 

Hydrogen 

H, 

0.00005 

0.0000005 

0.5 


Table 12.2 Barometric pressure at various altitudes (elevations). 


Altitude, ft. 

Barometric pressure, mm. Hg. 

O (sea level) 

760 

5000 

632 

8,000 

570 

10.000 

529 

20,000 

350 

40.000 

140 

60,000 

50 


composition and pressure, in the absence of nitrogen bacterial consump¬ 
tion, is presented in Figure 12.1. 

Todays atmospheric pressure is shown in Table 12.2. The partial pres¬ 
sure of each gas component is defined, as the pressure that would be 
excreted by the molecules of gas X if all the other gases were removed from 
the mixture of atmospheric gases. Because many of the concentrations of 
the gases have a low partial pressure, one can use Daltons ideal gas law, 
which states that the partial pressure {pj of gas X is related to the total 
pressure, p t = atmosphere, by the mixing ratio, C x : 


Px C xPt , 


(Eq. 12.1) 
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Figure 12.1 Earth’s atmosphere composition and pressure evolution. The dashed line is 
the atmospheric pressure in the absence of bacterial consumption of nitrogen. 


Or, the partial pressure (p ) is equal to the total pressure times the mole 
fraction, y x , of a particular gas in a mixture of gases: 

p x =p t y x (Eq. 12.2) 

The value of the total atmospheric pressure, p t , is presented in Table 12.2 
at various altitudes. The partial pressure of a gas is a measure of the fre¬ 
quency of collisions of gas molecules with surfaces or other molecules. 

As noted in Figure 5.1, when the Earth was formed from the debris of a 
nebula, its atmosphere contained very low amounts of inert nitrogen and 
just traces of noble gases but higher quantities of hydrogen and helium. The 
Earth’s atmospheric pressure at that time did not exceed 1 mbar. During the 
Archaean time, the primordial atmosphere contained none of the chemi¬ 
cally active gases (e.g., C0 2 , CO, 0 2 , or H,0) as all these components were 
rapidly absorbed by the regolith covering the surface of the Earth. Due to 
the high surface temperatures, the hydrogen and helium molecules had an 
escape velocity adequate to escape the Earth’s atmosphere. 

The Earth’s degassing of the mantle began during the Early Archaean 
time. The Earth’s atmospheric pressure comprised the partial pressures 
of carbon dioxide, nitrogen, and methane. At that time, the carbon diox¬ 
ide content in the atmosphere was increasing due to the C0 2 reduction 
of iron (see Figure 5.1). The atmosphere was substantially reducing and 
consisted of carbon dioxide, nitrogen, and methane. Beginning at about 
3.5 BY ago, after a significant rise in the atmosphere’s average temperature 
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(see Chapter 14), the atmosphere’s carbon dioxide-nitrogen composition 
was amended by the partial pressure of water vapor. After the methane dis¬ 
sociation (=3.8 BY ago), the Earth’s atmosphere became a neutral carbon 
dioxide-nitrogen gas-shell. 

The nitrogen partial pressure noticeably increased in the Late Archaean 
time due to nitrogen degassing from the mantle. The carbon dioxide pres¬ 
sure began declining at the end of the Archaean time, because the atmo¬ 
spheric carbon dioxide was intensely being bonded within carbonates. 
After the core separation and the formation of the Earth’s crustal serpen¬ 
tine layer (see Figure 5.15), which emerged because of the severe decline in 
tectonic activity, almost the entire carbon dioxide in the atmosphere was 
bonded in carbonate rocks. 

During the Proterozoic time, the Earth’s atmosphere became almost 
purely nitrogen with minute admixture of argon and methane (see 
Figure 12.1). Nitrogen’s partial pressure may have reached 1.4 to 1.5 atm in 
the Early Proterozoic time. Beginning in the Middle Proterozoic time, the 
Earth’s atmospheric pressure began to decline noticeably due to the activity 
of nitrogen-consuming bacteria. Simultaneously, in the Late Riphean, oxy¬ 
gen started to accumulate rapidly in the Earth’s atmosphere, especially after 
a total disappearance of the metallic iron from the Precambrian mantle. 

During the Phanerozoic time, nitrogen’s partial pressure continued to 
decline, although in Paleozoic and Mesozoic it was amply compensated 
by the accelerated accumulation of biogenic oxygen. Upon evolution of 
the flowering plants, which were the major oxygen generators at the end 
Mesozoic, the Earth’s atmosphere’s pressure reached =230 mbar. Oxygen 
together with nitrogen continued to increase the atmospheric pressure 
until it reached =1 atm. Later, in the Cenozoic, Earth’s atmospheric pres¬ 
sure began dropping again. This atmospheric pressure decline resulted in 
the cooling of the Earth’s climate. This may have noticeably affected the 
activity of the nitrogen-consuming bacteria, which, in turn, resulted in a 
decreased nitrogen partial pressure. 

Nitrogen-consuming bacteria have played a positive role in the evolu¬ 
tion of the Earth’s climate, creating favorable conditions for the evolution of 
life on Earth. Without the bacteria and the production of nitrogen, the cur¬ 
rent atmospheric pressure would be approximately 2 atm and the resulting 
average Earth’s surface temperature would be over 180 °C at the equator. 
The latter is above the coagulation temperature of some vitally important 
proteins. It is likely that favorable conditions for life may have been present 
only on the mountaintops at high latitudes (lower temperatures). Vitally 
important oxygen could not have accumulated in sufficient amounts 
under such extreme conditions. In fact, if not for nitrogen removal from 
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the atmosphere, the Earth would be presently (as in Archaean) populated 
only by the thermophilic bacteria and maybe the primitive multicellular 
organisms. 

In the future, there will be a drastic oxygen partial pressure increase in 
600 MY. This will be due to abiogenic oxygen degassing, as a result of the 
core separation process after the complete oxidation of the mantle iron to 
the stoichiometry. At that time the atmospheric pressure will rapidly rise 
and will exceed 10 atm due to the rise of oxygen content and partial pres¬ 
sure increase of the Earth’s atmosphere. 

Using the derived atmospheric composition and pressure, and the ear¬ 
lier proposed adiabatic theory of the greenhouse effect (Sorokhtin, 2001), 
it is possible to calculate the temperature parameters of the former, pres¬ 
ent, and future Earth’s climates using Eq. 2.26. 

Figure 12.1 was prepared, estimating the total atmospheric pressure and 
its varying content of components over geologic time. A sharp increase in 
the oxygen partial pressure in the future (-600 MY), due to the increase in 
free abiogenic oxygen (gas not produced by the action of living organisms) 
from the Earth’s mantle degassing process (Sorokhtin and Uskakov, 2002). 
This increase in free oxygen is the result of reducing the silicate iron oxide: 

2FeO —» Fe • FeO + O. (Eq. 12.1) 

The released oxygen from this reaction, under high pressure and release 
of the compression energy (due to a smaller volume of the magnetite) again 
combines with FeO, forming the magnetite component of the mantle: 

3FeO + O —» Fe 3 0 4 + 76.48 kcal/mole. (Eq. 12.2) 

After a total oxidation of the mantle iron silicate to magnetite forma¬ 
tion, of the Earth’s core matter will have to be accompanied by the release 
of free oxygen: 


2Fe 3 0 4 —» 3Fe • FeO + 50. (Eq. 12.3) 

As a result, in the future, additional free oxygen will enter the atmo¬ 
sphere, increasing the oxygen content as indicated in Figure 12.1. The par¬ 
tial pressure of oxygen will increase above 10 atm as a direct result of this 
additional oxygen influx. Eq. 2.26 indicates that this increase in pressure 
will raise the Earth’s surface temperature above 180 °C. The Earth would 
be similar to the planet Venus. After evaporation of the ocean water, the 
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atmospheric pressure will rise further and the Earths temperature will 
exceed 600 °C. Surface temperatures of this magnitude will evaporate the 
oceans and destroy all life on the Earth. It should be noted that the cur¬ 
rent surface temperature on Venus is 460 °C, which is cooler than that of 
our future Earth, as it has a much higher carbon dioxide content in its 
atmosphere. 
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Part IV 

VARIOUS FACTORS AFFECTING 
THE EVOLUTION OF THE 
EARTH’S CLIMATE 
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Earth’s Orbital Distance 
from the Sun 


Effect of Gravity on Earth’s Orbital Paths 

Every object in the universe is attracted to every other object in the universe 
by a force called gravity. Neutron identified mass and separation-distance 
as the important constituents of the universal force of gravity, F. Gravity, g, 
is one of the weakest forces in the universe. Between any two objects, the 
force, F, is dependent on the quantity of mass of each object and the inverse 
of the square of the distance between their centers of gravity 


gm,m 2 

F= — 


(13.1) 


where: g is the gravitational constant, g = 6.674 x 10 -11 N (m 2 /kg 2 ); m l (kg) 
is the mass of the first object; m 2 (kg) is the mass of the second object and 
d, is the distance (m) between the centers of mass of the two objects. 

The gravitational force, F, between two objects can be very strong, even 
if only one of the objects is massive. If the objects are separated by a dis¬ 
tance, d, the force quickly weakens as the distance, d, between the centers 
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of gravity increases. It should also be noted in Eq 13.1, that d, because 
it is squared, reduces the force, F, between the two objects. An excellent 
example of this is the comparison of forces, is the difference of the influ¬ 
ence between the Sun and the moon on the tides of the Earth’s ocean. The 
Sun is the most massive object in our solar system, with a distance from 
the Earth of d & E = 1.50 X 10 8 km. It is 333,000 times more massive than the 
Earth, exerting less force ( F s E ) on the Earth’s ocean tides than the moon 
(E. „) at a distance d., _ = 3.825 x 10 5 km. Yet the mass of the moon is 1/6 
the mass of the Earth. Another example of how distance is the most crucial 
factor in determining the gravitational force is that of a human standing on 
the Earth (E fi h ). Inasmuch as the distance between the Sun and a person on 
the surface of the Earth (d & ), is much greater than the distance between 
the Earth’s center of gravity and the human (d ) the Sun’s gravitational 
force on the human (F ) is far smaller than that which the Earth exerts on 
that person (E £ _ h ) 

The moon’s force on a human is 0.06% of the Sun’s force. The same rea¬ 
soning demonstrates that the force a person feels from the moon is even 
smaller, or 0.00035% of the Earth’s gravitational force. The force from the 
planet Jupiter, when it is closest to the Earth, is even lower, only 0.0000037% 
of the Earth’s gravitational force (Univ. Calif. Santa Barb., 2016). 

The gravitational force between the Sun and the Earth (E s _ e ) is about 
3.54 x 10 22 N. This force is sufficient to keep the Earth orbiting around the 
Sun. Although this is the primary force that dictates the Earth’s orbit about 
the Sun, gravitational forces from other planets, within our solar system, 
also affect the Earth’s orbit about the Sun to a much smaller degree. The 
gravitational force of the moon on the Earth is =0.55% of the gravitational 
force between the Sun and the Earth. When Jupiter and Mars are closest to 
the Earth, Jupiter exerts 0.0062% of this force on the Earth’s orbit and Mars 
only 0.00023% (UCSB, 2016). Other large bodies within the solar system 
directly affect the Earth’s orbit about the Sun, to a much lesser degree, alter¬ 
ing the distance (d s E ) and thus the quantity of energy the Earth obtains 
from the Sun. 


Earth’s Orbital Path About the Sun 

Newton recognized that the reason that one object orbits about another is 
related to the same gravitational force, F, that controls why objects fall to 
the Earth’s surface when they are dropped. As the most massive object in 
the solar system, the Sun’s gravity strongly pulls on every object within the 
solar system (Figure 13.1). All bodies within the solar system also exert 
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Resulting orbital path 


Figure 13.1 Schematic showing the forces controlling the orbit of the Earth about the Sun 
due to gravity. 

a force (attraction) on each other; however, the force of the pull on the 
Earth’s orbit, is significantly lower than that of the Sun’s, as they have much 
less mass and, in many cases, often a greater distance, d, between their cen¬ 
ters of gravity (between them and the Earth). Thus, because the Sun has a 
significantly greater mass than the other planets, all bodies (either directly 
or indirectly) orbit the Sun (solar system). When smaller solar objects are 
close enough to larger bodies, e.g., moons close to planets, the bodies with 
a larger mass are often capable of capturing these objects, forcing them 
to orbit about the larger body, while both bodies orbit the Sun. The Sun 
exerts the strongest gravitational pull of any object in our solar system and 
dominates the solar orbital system. Newtons law can be used to describe 
the total gravitational force: 


F = ma, (Eq. 13.2) 

where m represents the objects mass and a is the gravitational accelera¬ 
tion. The force, F in Eq. 13.1 may be used to compute the force between 
two objects; however, it should be realized that other objects may also have 
a significant influence on the total force excerted on the object. The total 
force and its direction is a summation of all the forces on the object. 
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After examining Figure 13.1, the following question might be asked: “If 
the Sun is pulling the planet toward itself, why doesn’t the planet just collide 
with the Sun 7 .” The answer is: “in addition to falling toward the Sun, the 
planet also has a tangential velocity or movement sideways to the Sun within 
the elliptical plane, generating a force perpendicular to the force of the Sun’s 
gravity”. When the force generated by this sideways velocity of the object 
and the force pulling away equals the gravity ( falling toward) force, the 
object orbits the Sun (Figure 13.1). If the tangential velocity is greater, the 
force pulling away from the Sun is greater than the Suns gravity force, then 
the object escapes the pull of the Sun’s gravity and leaves the solar system. If 
the tangential velocity is less, the force pulling away is weaker than the Sun’s 
pull of gravity, the object will crash into the Sun. This is the same force, F, 
one encounters when a weight is fastened to a string and is swung about 
oneself. As the weight swings around, the string exerts a pull away from 
one’s hand, just as a planet attempts to pull away from the Sun; however, the 
force of gravity, represented by the pull on the string, prevents the weight 
escaping. Increasing the tangential velocity of the weight, increases the pull 
on the string, requiring more force to keep the weight in orbit. Without the 
tangential velocity, the planet would fall toward the Sun. Likewise, without 
the pull toward the Sun, the planet would go flying off in a straight line, 
escaping its orbit. This is what would happen if you let go of the string. For 
a planet to be held in orbit about the Sun, the force, F )Wiy > of the object must 
be equal to the gravitational force, F toward > pulling it toward the Sun. The F vi; 
is dependent upon the tangential velocity of the planet. At higher velocities, 
the planet will move a greater distance, d, away from the Sun and at lower 
velocities, it will move closer to the Sun. Figure 13.1 is a schematic illus¬ 
trating the forces holding a planet in orbit about the Sun. If the tangential 
velocity is either too high or too low, the planet can either escape or crash 
into the Sun. The tangential velocity to the Sun of a planet determines the 
orbital distance, d, of the planet from the Sun. The faster the velocity, the 
further the planet is from the Sun. In effect, a planet orbiting the Sun is 
continually falling toward the Sun. Planets that are further from the Sun 
must have greater tangential velocities to remain in orbit. 

Kepler’s Laws Pertaining to Planetary Orbits 

For a two-body interaction (e.g., Sun and a planet) Kepler’s three laws 
of planetary motion state that: (1) Law of Orbits: All planets move about 
the Sun in elliptical orbits with the Sun at one of the elliptical focus of the 
orbital path (Figure 13.2). (2) Law of Areas: A line that connects a planet to 
the Sun sweeps out equal areas for equal lengths of time (Figure 13.3); and 
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Figure 13.2 Sun’s motion around the solar system’s center of mass where the Sun’s limb 
is shown as a thick solid circle. The motion of the Sun’s center of mass between 1945 and 
1995 is shown by the thinner curves with the years listed. (After Landscheidt, 2003.) 


(3) Law of Periods: The square of the period for any planet is proportional to 
the cube of the semi-major axis of its orbit (Figure 13.4) (Daugherty, 2006). 

At all times, as the planets travel along their orbit about the Sun, energy 
is exchanged and conserved. The momentum of the planet is always con¬ 
served as described by Newtons Law of Conservation of Energy: 

Potential Energy + Kinetic Energy = Constant (Eq. 13.3) 
The potential energy, PE is: 


PE - mad , (Eq. 13.4) 

where m represents the mass of the planet and d the distance between the 
Sun and the planet, a is the acceleration of the mass of the planet caused 
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Figure 13.3 Kepler’s three laws of planetary motion are reflected in this schematic of the 
orbit of a planet about the Sun. Area 1 is always equal to the area swept by Area 2. The 
planet’s position on the orbital path requires that the gravitation forces are greater on the 
planet at the shorter distances from the Sun, d , resulting in greater tangential velocities 
along the path. Thus, the tangential velocity of the planet increases or decreases in velocity 
as it moves through its orbital path. At all times PE + KE = a constant. 


by the force of gravitational attraction between the Sun and the planet. The 
kinetic energy, KE is equal to: 


KE = -v 2 , (Eq. 13.5) 

2 

where v is the velocity of the planet about the Sun. Newton’s law of the 
conservation of energy describes why the planet varies its velocity as it 
follows its orbit about the Sun. Figure 13.2 is a schematic illustrating the 
mechanics of a planet orbiting about the Sun. Kepler recognized that all 
planetary orbits within our solar system are ellipses, with the Sun located 
at one focus (Figure 13.2). The distance, d, between the centers of gravity of 
the two bodies varies as the planet moves about its orbit (13.5). When the 
planet is the furthest, d max , from the Sun, it is at its aphelion (apogee), the 
PE is at its greatest value (the distance, d, is at its greatest value) and the KE 
is the lowest value (tangential velocity is at its lowest). When the planet is 
closest to the Sun, d mjn it is at its perihelion (perigee) of its elliptical orbit, 
the PE is at its lowest value (the distance, d, from the Sun is at its shortest) 
and the KE is at its greatest value (the tangential velocity is at its maximum 
value). Because d is the shortest distance from the Sun at its the planet at 
its perigee, the quantity of energy transferred from the Sun to the planet is 
also the greatest, resulting in a higher global temperature for that portion 
of its orbit. The planet’s axis angle of tilt determines the quantity (concen¬ 
tration) of energy transferred to the planet (see discussion in Chapter 3). 
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Two factors control the quantity of energy transferred between the two 
bodies for a distance, d: (1) the quantity of energy transmitted at that dis¬ 
tance and (2) the difference in the tilt between the two bodies or the angle 
of precession controls the concentration of energy transmitted (for a more 
detailed discussion, see Chapter 3). 

Figure 13.6 describes the quantity of energy that is transmitted over a 
distance, d. Mathematically this quantity of energy, e, transmitted over a 
distance, d, decreases by a factor of: 


Energy transmitted, e 


f 1 ^ 



(Eq. 13.6) 


where e Q is the initial quantity of energy being transmitted at d = 0. 


Eccentricity of an Object’s Orbit 

The measure of the difference in shape between a circle and ellipse is 
referred to as eccentricity, e. The eccentricity for a circle is zero and the 
value e varies from 0 to 1 as the orbit becomes more elliptical, tending 
toward a straight line for £ = 1. The orbital eccentricity of the solar system’s 
planets is listed in Table 13.1. This table shows that planets, other than 
Pluto which has a large eccentricity (s = 0.248), have almost circular orbits. 
However, since Pluto is no longer considered as a planet, Mercury now has 
that honor, with £ = 0.2056. The eccentricity of an orbit may be calculated 
by the following equation: 


£ = 


f d -d . A 

max _ min 

d + d . 

V max min / 


(Eq. 13.7) 


where £ is defined as the coefficient of variation of the maximum and mini¬ 
mum orbital axis. 

As indicated in Figure 13.3, a line that connects a planet in its orbit to 
the Sun, for an equal period of time, sweeps out equal areas. In this exam¬ 
ple, movement from point 1 to 2 (area A) is a much longer orbital distance 
than that from point 3 to 4 (area B). In this case, the same time is required 
for the planet to sweep both areas A and B. The distance of the orbital path 
from point 1 to 2 is shorter than from point 3 to 4, but because the tangen¬ 
tial velocities between the two points differ, the time elapsed for sweeping 
both areas is the same. 
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Table 13.1 Planetary orbit dimensions. (Data from Unv. Calif. Santa Barb., 2016.) 


Planet 

Orbital, semimajor axis 
(astronomical Units) 

Orbital period, 
years 

Orbital 

eccentricity, e 

Mercury 

0.387 

0.241 

0.206 

Venus 

0.723 

0.615 

0.007 

Earth 

1.000 

1.000 

0.017 

Mars 

1.524 

1.881 

0.093 

Jupiter 

5.203 

11.86 

0.048 

Saturn 

9.539 

29.46 

0.056 

Uranus 

19.19 

84.01 

0.046 

Neptune 

30.05 

164.8 

0.010 

Pluto 

39.53 

248.6 

0.248 


Kepler also recognized the Law of Periods, noting that the square of a 
planet’s period, T, is proportional to the cube of the semi-major axis, a, of 
the planets orbit (Figure 13.4): 


r 2 =- a 3 , (Eq. 13.8) 

GM 4 

where T = time (yr); a = astronomical units (AU); and M = solar mass. 

Table 13.2 is the NASA’s planetary fact sheet for our solar system. It 
should be noted that the mass of the Sun at 1.989 X 10 30 kg is so dominant 
in the solar system, that: (1) all bodies in the solar system revolve about the 
Sun; (2) the planetary orbits are almost circular, (e ~ 0) and, (3) although 
the other planets exert a gravitational force on each other, the effect they 
have on each other’s orbital path is significantly small. 

The following equation can be utilized for calculation of orbits of moons 
about planets where the mass of one body does not overwhelm the mass of 
the orbiting body: 


T 2 = 


4 n 2 

G(M l +M 2 ) 


(Eq. 13.9) 


Effect of Other Planets on Earth’s Orbit 

The Sun is positioned at one elliptical focus where the solar system orbits 
about it. Unlike the Sun with most of the solar system’s mass, the other 
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Figure 13.4 Schematic illustrating Keplers Law of Periods. The straight dotted line 
expresses Keplers Law of Periods. (Data from Daugherty, 2006.) 


planets have only a minor gravitational effect on Earth’s orbital path due to 
their small mass (see Table 13.2). The Sun contains about 99% of the mass of 
the solar system and forces all bodies within the solar system to orbit about it. 
However, other planets do exert a gravitational force on: (1) the orbital path 
of the other planets and (2) those bodies (moons) which orbit the planet 
while also revolving about the Sun. All bodies within the solar system exert a 
gravitational force on each others orbital path within the solar system. 

Table 13.2 lists several massive planets that have sufficient mass to affect 
the Earth’s orbital path. Jupiter is the second most massive object within 
the solar system and far more massive than the other planets. The effect of 
Jupiter’s gravitational pull on the Earth’s orbital path varies with the dis¬ 
tance (d E ) between the centers of gravity of the two planets. The overall 
gravitational force of Jupiter on Earth’s orbit is much smaller than that of 
the Sun due to: (1) the greater distance (d ) of the Earth to Jupiter and 

(2) the lesser mass of Jupiter compared to that of the Sun. Likewise, even 
the smaller massive planets, e.g., Saturn, Neptune, etc., affect the Earth’s 
orbital path, but to a far lesser degree as they are at a greater distance and 
have significantly less mass. Thus, all the material in the solar system to 
some degree influence the final shape of the Earth’s orbit. The distance (d) 
between the Earth and Sun directly affects the quantity, or concentration, 
of the energy transmitted (see Figure 13.6), reaching the Earth’s surface 
and determining the Earth’s temperatures. 




Table 13.2 Planetary fact sheet in United States units. (Data obtained from NASA, 2018; https://w.w.w.nssdc.gsfc.nasa.gov/ 
planetary/-planetfact.html.) 
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The patterns of interaction between the solar systems Sun and its revolv¬ 
ing bodies, due to gravitational forces, started as early as the initial accretion 
stage from the protoplanetary cloud. The Sun ejects a high-energy stream of 
charged particles, often referred to as the solar wind, that sweeps all gas and 
volatile components from the Sun into the distant periphery of the solar sys¬ 
tem. This is a continuous flow of charged particles streaming from the Sun 
in all directions at speeds of =400 km/s or =1 million miles per hour. The 
source of the solar wind is the Suns hot temperature of the corona. The tem¬ 
perature of the corona is so high that the particles within the corona have 
velocities that are at and/or above the escape velocity from the Sun’s gravity. 
The solar wind is not uniform, although it is always directed away from the 
Sun. It changes speed and carries with it (1) magnetic clouds, (2) interact¬ 
ing (turbulent) regions where higher speed wind catches up and mixes with 
slower speed winds, and (3) has compositional variations. The chemical dif¬ 
ferentiation of the protoplanetary cloud’s matter was affected by the heating 
of the Sun on the disk’s main area, at the earlier stage of its compression and 
especially after nuclear reactions were initiated within it (Sorokhtin, 2006). 

Because of the mechanisms of interaction, condensation occurred in the 
central areas of the protoplanetary disk, mostly refractory elements and 
compounds with high ionization potential of refractory metals, e.g., Fe, 
Ni and oxides of A1 2 0 3 , CaO, MgO, Ti 2 0 3 , Si0 2 , Cr,0 3 , FeO. At the same 
time, there were concentrations of easily fusible and ionized elements (e.g., 
Li, Na, K, Rb). Ba and rare earth elements (e.g., Hg, & Pb) within this part 
of the protoplanetary cloud were very low. To a lesser degree, the elements 
forming the Earth were impoverished in sulphur, zinc, tin and some other 
elements. The gas components, e.g., H 2 , He and other noble gases, H 2 0, CO, 
C0 2 , CH 4 , NH 3 , H,S, SO, and S0 3 , HC1, HF were almost completely swept 
out of the internal areas of the protoplanetary cloud and concentrated at 
its periphery, where they subsequently formed the giant-gas-planets pos¬ 
sessing massive and high-density gas shells, e.g., Jupiter (see Table 13.2) 
(Sorokhtin et al, 2013). 

Jupiter is the second most massive object in the solar system, and it has 
the second strongest effect, although weaker, on the shape of Earth’s orbital 
path. The overall gravitational force of Jupiter on Earth’s orbital path is 
much smaller than that of the sun due to Jupiter’s far greater distance and 
lesser mass than the Sun. Likewise, the smaller, less massive planets, e.g., 
Saturn, Neptune, etc., affect Earth’s orbit to a slighter degree than Jupiter. 
At any time along Earth’s orbit, the distance of the Sun to the Earth directly 
affects the quantity of energy reaching the Earth’s surface (see Figure 13.6). 

Although the gravitational influence of Jupiter and Saturn, along with 
the lesser bodies of the solar system, affect the Earth’s final orbital path 
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Warm summer in the 
northern hemisphere, 
warm winter in the 
southern hemisphere 



Cold winter in the northern 
hemisphere, cold summer 
in the southern hemisphere 


Figure 13.5 The Earth’s yearly hemispheric contrast in distance from the Sun, d, between 
the summer and winter. The Sun is located in one of the ellipses foci, in Earth’s elliptical 
orbit of revolution about the Sun. The arrows point to the North star and indicate the 
angle of the Earth’s rotation on its axis. The vertical line shows the center of the Sun’s mass. 



Figure 13.6 Schematic showing spread of energy, intensity/area of ray, with distance from 
the source. 


about the Sun, they also affect the position of the Sun and other bodies 
within the solar system (Figure 13.2). The result is a complex picture of 
Earth revolving around the Sun in an elliptic orbit, with average orbital 
ellipticity of =0.017 (Table 13.2). Thus, the Earth during a single revolution 
(i.e., in one year), varies with the distance, d, from the Sun (which is in one 
of the foci of Earth’s elliptical orbit); the change in the other planet posi¬ 
tions with time directly affects Earth’s orbital path (Figure 13.5). No two 
sequential years have the same orbital path, resulting in a cyclical variation 
of temperature with respect to time. 

Today, the ellipticity for the Earth’s orbit and average distance of 
the Earth to Sun is =149 million km. The pericenter of Earth’s orbit is 
=1.48 million km (92 million miles) and the apocenter, =1.53 million km 
(95.1 million miles) (see Figure 13.7). Therefore, Earth to the Sun distance, 
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Figure 13.7 Parameters describing elliptical orbits: (1) Apocenter - The location of the 
greatest distance between the orbiting body and the central body when the orbit is an 
ellipse. The apocenter is diametrically opposite the pericenter on the major axis of the 
orbit. (2) Pericenter—The shortest distance between the center of the orbiting body and 
the center of the orbited body. (After Cornell, 2017. https://www.classe.cornell.edu/~seb/ 
celestia/orbital-parameters.html.) 


d, varies by =5 million km (3.1 million miles). The solar insolation of 
Earth is always in inverse proportion with the squared distance between 
the Sun and Earth. This results in the annual variation of Earth’s temper¬ 
ature, which is affected by the Suns constant between 1.41 to 1.32 X 10 s 
erg/cm 2 or an average S 0 = 1.367 x 10 6 erg/cm 2 • s. According to Monin 
and Sonechkin (2005), the Sun to Earth distance, d, varies between 1.47- 
to 1.52-million km (91.4 and 94.5 million miles) with the Sun constant, 
between 1.428- to 1.322 x 10 6 erg/cm 2 . The following equation: 
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shows that variations of the solar constant may correspond to the aver¬ 
age values of the near-surface temperature of 288.5 K and 290.2 K, with 
fluctuations of up to 4.7 °C. These fluctuations, however, have a sea¬ 
sonal nature and apparently have negligible effect on the Earth’s average 
temperature. 

As a result, when the Earth is coming through the perihelion, its average 
temperature annually increases by 2.2 °C and in aphelion, on the contrary, 
declines by 2.5 °C. Depending on the Earth’s revolution axis orientation 
relative to the direction to the Sun, climatic contrasts in different seasons 
appear (see Figure 13.5). At the onset of a cooler winter and warmer sum¬ 
mer in the Northern Hemisphere and simultaneously a warmer winter and 
a cooler summer in the Southern Hemisphere. Examples of such contrast¬ 
ing seasons are the severe winters and hot summers of 1940-1941 or on the 
contrary, warm winters and cool summers of 1983-1984. It should be kept 
in mind that the real picture of climatic variations is much more complex 
due to superposition of the Sun’s motion around the solar system mass 
center and the Earth’s revolution around the Sun. 

The Effect of the Planet Jupiter on Earth’s Orbital Path 

Jupiter is the largest planet in the Solar system and its mass, m ] ~ 1.90 x 10 24 
kg is =318 times greater than that of the Earth, m £ = 5.97 x 10 24 kg. 
Minimum distance between the Earth and Jupiter (c/ ( £ mjn ) (at the planet’s 
opposition point on the apsis) is approximately 6.3045 X 10 13 cm, where 
the maximum distance (d JFmax ) (also on the apsis) is =9.3045 x 10 13 cm. 
Therefore, the maximum gravitational pull from Jupiter on the Earth is 
equal to: 
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= 1.936x10 dynes, (Eq. 13.10) 


and the minimum is: 
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= 8.758 xlO 22 dynes. (Eq. 13.11) 


where y= 6.67 x 10 8 cm 3 /g-s 2 is the gravitational acceleration. 

The gravitational pull on the Earth by the Sun is greater by an order 
of magnitude than that of the Earth by Jupiter. The mass of the Sun, 








Earth’s Orbital Distance from the Sun 213 


m s ~ 1.99 x 10 33 g, and the distance between the Sun and the Earth is much 
smaller: d ~ 1.496 x 10 13 cm. In this case the average gravity pull by the 
Sun on the Earth is equal to: 


f s-e = r 


m E xm s 

(■ 4) 2 


3.5166xl0 27 dynes. (Eq. 13.12) 


The difference between the gravity forces by the Sun and Jupiter on the 
Earth’s orbital path at the moment of their crossing the apsis is to: 

AF min =3.5166xl0 27 -1.936xl0 23 = 3.5164xl0 27 dynes, (Eq. 13.13) 

AF max =3.5166 xlO 27 -8.758 xlO 23 = 3.5165xlO 27 dynes. (Eq. 13.14) 

Thus, the difference between the maximum and minimum forces acting 
between the Jupiter and the Earth at their opposition and that of Jupiter in 
the contrary position is: 

AF = 3.5165xl0 27 -3.5164xl0 27 «lxl0 23 dynes . (Eq. 13.15) 

Other planets within the solar system, e.g., Saturn and Mars, render a 
much smaller effect on Earth’s orbital path. The interaction forces between 
Saturn and Earth at the point of planetary opposition is F E = 1.395 X 10 22 
and for Mars and Earth is F = 4.605 x 10 21 dynes. 

Earth’s revolution around the Sun occurs around the center of mass 
between the Sun and Jupiter. This center, with the average Jupiter-Sun dis¬ 
tance of d s ~ 7.8 x 10 13 cm, is offset from the Suns center of mass by: 

= 7.454 xlO 10 cm. (Eq. 13.16) 

This distance is outside of the Sun’s body, as the radius of the Sun’s is 
r s = 6.96 X 10 10 cm. 

The time required for one revolution of Jupiter around the Sun is 
11.862 years. The period of interaction between the Earth and Jupiter, and 
of Jupiter’s effect on the position of Earth’s orbit at any time would also be 
about 11.862 years. One might anticipate that under the pull of gravity 
from the external planets, the Earth’s orbit would be changing its direction 
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of ellipticity over the same period. Earth’s revolution around the Sun rep¬ 
resents a huge gyroscope and thus is quite stable (see Table 13.3). The apsis 
running through the center of the Sun and connecting the points of peri¬ 
helion (closest approach of Earth to the Sun) and aphelion (largest distance 
between the Earth and the Sun) is quite stable. This precession of the Earth 
equals 93,000 years and over the foreseeable future, one would not antici¬ 
pate the position of the apsis to change appreciably. The effect of this cycle 
on Earth’s temperature is reflected in its 100,000-year cycles as reflected on 
the long-term temperature charts (see Figure 10.17). 

The minimum and maximum distances between the Sun and the Earth 
can be calculated by Eq. 13.16: 

d s _ E = 1.5xl0 13 -7.457 xlO 10 = 1.4925xl0 13 cm , 


and 


d, v = 1.5 xlO 13 +7.457 xlO 10 =1.5075 xl0 13 cm. 

6_il max 

The average value of the solar constant S = 1.367 x 10 s erg/ cm 2 • s. Thus, 
the maximum and minimum values of the solar constant are: 
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1.367xl0 6 
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1.381xl0 6 erg/cm 2 -s, 


and 


|2 

= 1.353xl0 6 erg/cm 2 -s. 

At the Earth’s precession angle, co = 23.44°, albedo A = 0.3, normal 
atmosphere of pressure, p = 1 atm., and temperature in degrees Kelvin is: 
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(Eq. 13.17) 
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where a = 5.67 x 10 5 erg/cm 2 • s • deg 4 (the Stefan-Boltzmann constant). 
Thus: 
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and 


T 


max 


1.093 


(1.381x10 6 )0.7 
(5.67x10 5 )3.5 


288.756 K, 


T 


1.093 


(1.353xl0 6 )0,7 4 
(5.67xl0~ s )3.5 


287.281 K. 


The difference between these temperatures is AT ~ 1.475 °C. This differ¬ 
ence in value is caused by the Jupiter gravitational effect. Although small, 
it could likely increase due to the synoptic activity of the atmosphere and 
changes in the Earths albedo, e.g., due to the snow cover in winter with 
simultaneous increase in the cloud cover. The value of the factor k in the 
following equation, for this increase is unclear: 

k = F s- F Y- F st~ F M = o 999876 (Eq. 13.18) 

F s+ F Y+ F St+ F M 

In the authors’ estimate, it may be much greater than 2 as the annual 
average temperatures practically do not change. 

The elongation of the Earth’s elliptical orbital path is in proportion to the 
difference in the gravity pull from the Sun and the closest external planets 
(Mars, Jupiter and Saturn). The largest eccentricity of Earth’s orbit occurs 
at the point of its aphelion during the planetary alignment, i.e., when the 
positions of Mars, Jupiter and Saturn coincide. The maximum eccentricity 
is determined by the following equation: 

£ 2 =(l-/c 2 ). (Eq. 13.19) 

Thus, e = 0.01578. This eccentricity value is close to the observation 
data: e = 0.0167. The small difference, most likely, is due to inaccuracies in 
the determination of planetary masses and their distances from the Earth. 
However, the largest effect on the Earth’s orbital path is exerted primarily 
by Jupiter: 
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(Eq. 13.20) 
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which is responsible for 95.5% of the Earth’s eccentricity. 

The question is, how does Jupiter’s gravity affect the Earth’s ellipti¬ 
cal orbit? When the Earth’s apsis corresponds with the direction toward 
Jupiter, some offset of the focus (in which the Sun is positioned) of the 
Earth’s elliptical orbit occurs toward the center of the Sun-Jupiter mass by 
the amount determined by the interrelation of forces acting from the side 
of Jupiter and the Sun: 


Ad 
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7.8045 xlO 13 


1.9007xl0 30 

1.99xl0 33 


7.4543 xlO 3 cm. 

(Eq. 13.21) 


A similar offset of the focus length occurs both at Jupiter’s intersection 
of apsis from the side of aphelion and of the perihelion. For this reason, the 
distance between the Earth and the Sun, affected by Jupiter’s gravity pull, 
changes from: d s _ Emin = (1.5xl0 13 )-(7.4543 xlCT) = 1.4925x10 cm, 
(Eq. 13.22) to 

L s+£max = (1-5 x 10 13 ) +(7.4543 x 10 10 ) = 1.5075 x 10 13 cm. (Eq. 13.23) 

According to the adiabatic theory of the greenhouse effect (Sorokhtin 
2006; Sorokhtin et al, 2007, 2011), the average absolute temperature of 
the planet’s troposphere T (in degrees Kelvin) is a function of the Sun con¬ 
stant, S, and the atmospheric pressure, p, as reflected in Eq. 2.22, where 
S = 1.367 x 10 6 erg/cm 2 • s is the solar constant (flow of the solar energy 
reaching the Earth); cr = 5.67 X 10 ~ 5 erg/cm 2 • s • °C 4 istheStefan-Boltzmann 
constant; A is the planet’s reflectivity (albedo), for the Earth A = 0.3; p o is 
the unit of pressure, e.g., p o = 1 atm; the scaling factor, b = 1.597; a is the 
adiabatic exponent, a = (y -IIy ); y = ( c p lc v ) where c p and c v are the spe¬ 
cific heats of gas at constant pressure and constant volume, respectively; y/ 
is the angle of precession (Earth’s value today is ip = 23.44°). At i// = 23.44°, 
the denominator in Eq. 3-27 is equal to 3.502 rather than 4.0 in the classic 
format at y/ = 0. 

Changes in the solar constant by 0.1 to 0.2 % in Eq. 2-26 result in changes 
of Earth’s near-surface temperature by 0.072 to 0.143 °C. Much larger tem¬ 
perature fluctuations are caused by the Earth’s axis precession. Considering 
the quoted Earth’s orbit eccentricity value and the average of the Earth to 
the Sun distance (d =150 MM km), it is possible to determine that the 
Earth’s orbit perihelion is =147.4 MM km and its aphelion =152.6 MM km. 
This shows that the change in Earth to the Sun distance may exceed 5 MM 
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km. The solar insolation of Earth is always inversely proportional to the 
square of the Sun-to-Earth distance, d s , causing annual fluctuations in 
the solar constant by 1.416 to 1.321 x 10 s erg/cm 2 • s, with an average value 
of S o = 1.367 x 10 6 erg/cm 2 • s. These changes in the solar constant value, 
shown in Eq. 2.26, correspond with the Earth’s average near-surface tem¬ 
perature of 285.5 to 290.5 K, or its fluctuations by up to ±2.5 °C. These fluc¬ 
tuations, however, are seasonal and apparently have no significant effect on 
the Earths average annual temperature. 

Thus, during the Earth’s passage of the perihelion, its average tempera¬ 
ture approximately increases annually by 2.5 °C; in the aphelion, on the 
other hand, it decreases by about the same 2.5 °C. Depending on the Earths 
revolution axis direction (relative to the direction to the Sun), this results 
in climatic contrasts during the opposite seasons. For instance, the onset of 
a cool winter and hot summer in the Northern Hemisphere and simultane¬ 
ously warm winter and cool summer in the Southern Hemisphere (warm 
autumn and cool spring or warm spring and cool autumn) at the average 
climatic parameters of these seasons (see Figure 13.5). 

Earth’s climatic fluctuations are likely much more complex due to the 
superposition of the Sun’s motion around the solar systems center of mass, 
the movement of the other planets effecting the Earth’s orbital path around 
the Sun. As shown in Figure 10.17, these fluctuations in Earth’s orbital 
path are affected by: (1) the gravity pull from the other planets, primarily 
Jupiter and Saturn, and (2) the Sun delineates rather complicated trajecto¬ 
ries in its movement around the solar system’s center of mass as shown in 
Figure 13.2. Together with the Sun, the Earth’s orbit delineates similar pir¬ 
ouettes. The Earth’s elliptic orbital focus is always close to the Sun’s center 
of mass, thus the general image of the Earth revolving around the Sun on 
the elliptic orbits is complex. 

The pull of gravity from the planets revolving around the Sun, affect not 
only the orbit of the Earth and all other planets, but also the position of the 
Sun itself relative to the solar system’s center of mass and their orbital paths 
(see Figure 13.2). 

Temperature fluctuations of ±2.5 °C caused by the Earth’s revolution 
around the Sun on an elliptic orbit, influence the amplitude of the Earth’s 
seasonal temperature changes. One period of cyclical influence by Jupiter 
on the climate is -11.86 Earth years, whereas the Earth’s seasonal tem¬ 
perature fluctuations are exactly 12 months. Thus, the superposition of 
the large planets’ gravitational effect (mostly Jupiter’s) on Earth’s climate 
should result in a modulation of the seasonal temperature fluctuations with 
the amplitude of ±2.5 °C and a total cyclical period of-12 years. An esti¬ 
mate of such climatic disturbances of seasonal temperatures at the Earth’s 
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Jupiter's effect on climate in northern hemisphere 



Jupiter's effect on climate in southern hemisphere 



Figure 13.8 Theoretical effect of Jupiter on the average monthly temperature fluctuations 
in the Earths medium latitudes during 1972 through 2023 (for greater time intervals, a 
more precise consideration of the deviation of Jupiter’s revolution period from 12 years 
is necessary). The Jupiter’s effect is determined by its gravity pull on the Earth resulting 
in the precession of the Earth’s elliptic orbit in its revolution around the Sun (the effect of 
11-year fluctuation of solar activity does not exceed 0.1 to 0.15oC and may be disregarded 
here). 

mid-latitudes is included in Figure 13.8. The quoted climatic disturbances 
are usually outside the range of vision of scientists, as the very effect of 
13-year modulation by Jupiter’s influence disappears due to averaging of 
seasonal fluctuations in the processing of observations. 

Figure 13.8 displays four-time intervals (1978-1983, 1991-1996, 
2004-2009 and 2017-2022) in the Northern Hemisphere, which exhibited 
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abnormally warm winters and cool summer seasons. On the other hand, 
the periods 1972-1978, 1985-1990, 1997-2002 and 2010-2015 had cold 
winters and warm summers. In the Southern Hemisphere, the situation is 
inversed. Time intervals of 1978-1983, 1991-1996, 2004-2009 and 2017- 
2022 had cold winters and warm summer seasons, whereas the periods 
1972-1978, 1985-1990, 1997-2002 and 2010-2015 had warm winters and 
cool summers. This regularity, of course, is quite understandable as cold 
seasons occur primarily when the Earth goes through the aphelion (i.e., 
the point of largest distance from the Sun). Exactly in a half a year, when 
the Earth arrives at the perihelion (i.e., closest to the Sun), the Earth warms 
up. For instance, in 2006 Earth went through the perihelion on December 
3rd and the aphelion on June 6th of 2007. That is why the winter of 2007 in 
the Northern Hemisphere turned out to be unusually warm and the sum¬ 
mer relatively cool, whereas in the Southern Hemisphere the winter was 
cold and the summer warm. 

In 1815, the summer in Europe was cold. The origin of this phenome¬ 
non has been attributed to the Tambora volcanic eruption on the Sumbava 
Island, Indonesia. But contrary to all expectations, the winter was warm 
and not cold. Again, an analogous situation appears to have occurred in 
the Northern Hemisphere in 2007: a relatively cool summer (except for 
rare days when the warm air from the arid belt of the Mediterranean 
area arrived at the medium latitudes of the Northern Hemisphere) and 
a very warm winter. If one subtracts 1815 from 2007 we get 192, which 
is exactly 16 cycles of Jupiter’s gravitational action on the Earth’s climate 
(12 x 16 = 192). 

In 2006, the temperatures in fall were warmer, December was relatively 
warm and the snow, as in 1826, fell only in January. The interval between 
these two events was exactly 180 years (2006-1826). This time interval 
approximately constitutes 15 cycles of Jupiter’s effect on Earth’s cli¬ 
mate: 12 X 15 = 180 years (another option is 11.862 x 15 = 177.93 = 178 
years). 

In 1940 and 1941, Europe experienced exceptionally severe winters with 
bitter frosts in December. Again, a similar climatic situation was observed 
in 2000 and 2001. The time difference between these events was 60 years 
or five 12-year cycles of Jupiter’s gravitational effect on the Earth’s climate. 
Subtracting from the year 2000, the 60-year period (which is equal to five 
12-year cycles) gives the year 1940. Comparable results are obtained for the 
year 2001: (2001 - 12 X 5 or 1941). 

A very warm winter occurred in European Russia in 1947 when at New 
Year’s Eve one could get his feet wet. Again, there is a 12 X 5 or 60-year 
cycle between 2007 and 1947. 
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This climatic data is approximate and does not consider the effect of 
continent and ocean positions, ocean currents, and the synoptic activity on 
the real temperature distribution occurring above the Earths surface. This 
may be the reason why comparison of theoretical climatic temperature 
regime changes with empiric monthly average temperature distributions 
for the Northern and Southern hemispheres (Figure 13.8) often does not 
reveal the anticipated data correlation. 

The likely reasons for the total mismatch of temperatures may be the 
result of a strong negative feedback (through the planet’s albedo) between 
the incidental solar radiation and the near-surface temperature. Indeed, 
any increase in the solar insolation of the Earth’s temperature will result in 
an increased water evaporation from the oceans and, thus, in an increased 
cloud cover and the Earth’s reflectivity (albedo) and decreased solar energy 
reaching the Earth’s surface. As a result, the surface temperature declines to 
a new equilibrium level. Under a strong negative feedback, such tempera¬ 
ture decline may be very substantial, drastically decreasing fluctuations at 
the set albedo. Thus, the temperature changes due to fluctuations of solar 
radiation become negligible on the background of stronger synoptic tem¬ 
perature fluctuations, which apparently does occur. 

Despite the weakened solar radiation effect on changes in the near-sur- 
face temperatures, Jupiter influences the energy processes in the Earth’s 
atmosphere through humidity condensation (the water heat capacity 
~ 1 cal/g • deg is significant). It is possible, therefore, that the periodicity in 
climatic anomalies (droughts, rainy seasons and especially storms) is asso¬ 
ciated with fluctuations in the solar insolation. This includes those occur¬ 
ring due to the Earth’s revolving around the Sun in elliptical orbits, i.e., 
eventually under the effect of Jupiter’s gravity pull on the Earth. The stated 
climatic changes must also be affected by its complicating long-period fluc¬ 
tuations of the solar insolation associated with the Sun’s revolution around 
the center of mass of the solar system (see Figure 13.2) and by the pro¬ 
longed changes in the solar activity (most likely, by nuclear synthesis pro¬ 
cesses within the Sun). 

Currently we live near the maximum of a temporary climate warming, 
which began as early as the seventeenth century when there was no human 
effect on the climate by the greenhouse gases released into the atmosphere. 
This shows that the current warming is clearly of a natural origin and soon 
will unavoidably be replaced by a new cooling period. Reflecting on the 
temperature charts in Chapter one, although the Earth is experiencing 
temperature cycles, the overall temperature of the Earth has been steadily 
decreasing over the past 65 MY. 
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A similar conclusion was also reached by the well-known German cli¬ 
matologist Landscheidt (2003). He published an article: New Little Ice Age 
Instead of Global Warming? In his estimate, regardless of the recent continu¬ 
ing increase of carbon dioxide in the atmosphere by mans activities, there 
will be only cooling and the onset of a little ice age comparable to the one 
experienced in the seventeenth and eighteenth centuries. The anticipated 
average temperature decline will be 1 °C or greater. 
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Climatalogical Effect 
of Continental Drift 


Continental Drift’s Effect on the 
Earth’s Precession Angle 

Continental drift is an explanation of how the Earth’s continental crust 
shifts its position over time. This concept set forth in 1912 by Alfred 
Wegener, a geophysicist and meteorologist, was an attempt to explain why 
similar mineral, animal and plant fossils are found on different continents 
with separations of oceans, mountains, etc. Wegener proposed that all the 
continents were once joined together in a gigantic continent, called an 
Urkontinent, before breaking up into large bodies of land and drifting to 
their current positions (Figure 14.1). At the time of his announcement, 
geologists denounced Wegener’s theory of continental drift. He published 
the details of his ideas in 1915, in a book entitled The Origin of Continents 
and Oceans. Today, this concept, that continents can and do shift position 
on the surface of the Earth, known as the plate tectonics, is widely accepted. 

This shifting of the continent’s position on the Earth’s surface alters 
the Earth’s spherical symmetry and center-of-mass. As a result of these 
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Before After 


Figure 14.1 Earth before and after the land masses (continents) were broken and 
redistributed over the Earth’s surface. (After Live Science, 2015.) 


changes in continental position, there is a change of the Earth’s precession 
angle. As discussed in Chapter 2, a change in the precession angle directly 
affects the planet’s temperature regime as shown by Eq. 2.26: 
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(Eq. 2.25) 


The influence of this change can be expressed mathematically, even 
though one may not fully recognize all the topographical density anoma¬ 
lies in the mantle and the Earth’s crust. Today, the effect upon the preces¬ 
sion angle, due to the current continental positions on the surface of the 
Earth, is relatively small, due to their current distribution, the moment of 
force, AM ~ 0.2 to 0.6 X 10 29 cm 2 • g/s 2 . However, at the time of the 
formation of the supercontinents, the positioning of the land mass was 
often located at lower latitudes and distributed in only one area on the 
Earth’s surface. At the time of the supercontinents, the Earth’s center of 
mass would have been different than today’s, as would the moment of force 
AM co nt + m- Figure 14.2 estimates many of the recognized continental posi¬ 
tions on Earth’s surface over the past 2.6 BY. 

Chumakov (2004) determined surface temperatures of the Sargasso Sea 
from ocean sediments. =100-MY ago in the tropical belt, approximately at 
20° North latitude where temperatures ranged between 25° to 30 °C. The 
maximum equatorial temperature, T q , likely reached 28 to 32 °C, whereas 
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Figure 14.2 Paleo-reconstruction of the positions of the continents and oceans over 
the past 2.6 BY according to Lambert: (a) Monogaea, 2.6 BY ago. White areas on the 
continents indicate glaciers, whereas crosses indicate tillites and tilloids (Chumakov, 
1978). (b) Megagaea by Sttille, 1.8 BY ago. Wavy shading indicates folding belts and 
blackened areas show Redbed Formations (Anatolieva, 1978). (c) Mezogaea, 1 BY ago. 
(d) Disintegration of Mezogaea and formations of Laurasia and Gondwana, 750 MY ago. 
White areas on the continents indicate glaciers, whereas small triangles show location 
of tillites and tillotds (Chumakov, 1978). (e) Pangaea of Wegener, 200 MY ago, and (f) 
Present-day position of continents and oceans. (After Sorokhtin et al„ 2009, figure 1.41, 
P- 79.) 


the Earths poles were dominated by positive temperatures, T r Recognizing 
the temperature relationships: 


— X +0.036 AT and X^ — T +0.64 AT, (Eq. 14.1) 
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and 


AT 



Ps 


(Eq. 14.2) 


where the present-day difference between the temperatures at the equator 
and poles of the Earth, AT, is about 30 °C. Also, regarding the moment of 
force (AM m ): 


AM +M =AM . (Eq. 14.3) 

One can estimate the equatorial temperature at (T q = 32 °C) and the 
positive polar temperatures (T pl ) are compatible with a precession angle of 
y/ = 34°. Beside the Cretaceous paleotemperature, determination for the 
precession angle in the past geologic epochs, this calculation is supported 
by data from the glaciation-distribution era in the Earth’s history. 

The stationary precession angle at the time of the Pangaea formation on 
the surface of the Earth, -100 MY ago, approached 34°. Judging from the 
reconstruction of other super continents and their different configurations 
with smaller individual masses (see Figure 14.2), the estimates of preces¬ 
sion angles at the time of their formation (Figure 14.3) are somewhat lower 
(Sorokhtin and Ushakov, 2002). During the time intervals between the 
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Figure 14.3 Probable values of the precession angle of the Earth at the time of 
the supercontinents: (I) Monogaea, (II) Megagaea, (III) Mezogaea (Rodinia); and 
(IV) Pangaea. The tremendous masses of the supercontinents of Monogaea, Megagaea, 
and Mezogaea were 0.7, 0.8, and 0.9 of the mass of Pangaea, respectively. It was also 
assumed that a future supercontinent Hypergaea would form in 800 MY due to the Earth’s 
weakening tectonic activity. 
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formation of the supercontinents, the writers estimated that the precession 
angle was close to a minimum of 6° to 8° C. 

Using the Earth’s precession angle in (Figures 14.3 and 14.4), one can 
estimate the Earth’s average surface temperature. In addition, one can use 
the same model and acknowledging the changes in surface temperatures 
for the oceans and continents, at Earth’s equator and poles, an estimate of 
the Earth’s surface temperature may be determined. 

During periods of supercontinent formation, as shown in Figures 14.3 
and 14.4, were accompanied by a corresponding increase in the Earth’s near¬ 
surface temperature. For example, during the formation of the superconti¬ 
nent, Monogenea, =2.6 BY ago, the Earth’s average temperature exceeded 
70 °C at sea level. Such elevated temperatures during the Archean time were 
largely determined by the presence of a dense atmosphere and increasing 
precession angle during formation of a second supercontinent, =1,8 BY ago, 
the surface temperature of the oceans and continents were about 32 °C and 
22 °C, respectively. The Earth’s temperature had decreased to 26 °C, whereas 
the average temperature of the continents increased to 25 °C, due to the 
lowering continental height. Finally, during the formation of the supercon¬ 
tinent Pangaea, =200 MY ago, the temperature was 23 °C and lower. During 
the intervals between the formation of the supercontinents, the average 
temperatures at sea level and continents decreased by 7° to 10 °C. 



Time, BY 

Figure 14.4 Evolution of Earth’s temperature (climates) assuming a constant Earth’s 
precession angle (current) of y = 24°. Curve 1 - an average for Earth’s surface temperature 
at sea level calculated using Eq. 2-25. Curve 2 - the effective Earth’s temperature using 
Eq. 2.23. Curve 3 - Earth’s atmospheric greenhouse effect using Eq. 2-6. Curve 4 - The 
absolute black body temperature using Eq. 2.3. using the distance of the Earth-from-the- 
Sun, (d) describing the increase with time of the Sun’s luminosity, S. Curve 5 - Average 
Earth’s temperature on the assumption that there was no nitrogen consumption by bacteria. 
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There was a drastic increase in the Earth’s precession angle at the time 
of formation of the supercontinent Monogaea. This supercontinent forma¬ 
tion was simultaneously associated with descending mantle flow, while on 
the opposite side of the equatorial zone, the matter from the former pri¬ 
mordial Earth’s kernel was ascending, being displaced by the Earth’s core 
emergence (Sorokhtin, 2004; Sorokhtin and Ushakov, 2002). This ascen¬ 
dance of matter from depth would have created a substantial “bulge” of the 
mantle, substantially distorting the Earth’s spherical symmetry and alter¬ 
ing the Earth’s center of gravity and, thus, its precession angle. 

The formation of supercontinents results in changes other than just the 
physical structure. Because of the alteration of the location for the cen¬ 
ter of mass, it also alters the Earth’s precession angle and, thus, the cli¬ 
matic conditions of the Earth. When these major climate changes occur, 
they can often be correlated with the beginning or closure of a geologic 
period. The correlation of the precession angle with the geologic event 
for supercontinent formation can be seen in the physical changes of the 
direction and intensity of oceanic currents, gyres, etc. Through geologic 
history, there have been several major climatic changes that can be attrib¬ 
uted to changes in the precession angle. Today, the physical blockage of the 
equatorial oceans current system appears to coincide with icehouse events 
(Gerhard et al, 2001). The conclusion is that pronounced global climatic 
changes are caused primarily by changes in insolation and those Earth’s 
tectonics that affect the precession angle. Changes in insolation are often 
the result of a change in the precession angle between the Earth and Sun. 


Latitudinal Temperature Contrast on Earth’s Surface 

To determine the latitudinal contrast for the Earth’s climate, one can com¬ 
pare the planet Earth to Venus. Table 2.2 was prepared utilizing the known 
temperature measurements of Venus’s atmosphere for low (0° to 30°) and 
high (75°) latitudes for different elevations, i.e., at different pressures. These 
Venus observations indicate that climatic contrast, as defined by tempera¬ 
ture difference, for different latitudes is approximately proportional with the 
atmospheric pressure. Utilizing this relationship, it is possible to calculate 
the latitudinal variations of the temperature distribution within the Earth’s 
atmosphere, dependent on its pressure. This enables the determination of not 
only the average Earth’s temperature, but also the temperature at its poles and 
equator. Utilizing this correlation and the Earth’s precession angle variation 
model, one can estimate the average temperature of the World’s Ocean, and 
the temperature at the Earth’s equator and poles (see Figure 14.4 and Eq. 2.26). 
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During the Phanerozoic time, because of the increased oxygen par¬ 
tial pressure in the atmosphere, the phyto- and zooplankton productivity 
increased. The phyto- and zooplankton subsequently served as a source for 
hydrocarbon generation. Sea plankton productivity likely increased even 
greater during the warm Mesozoic time interval, especially in Cretaceous. 
This process was certainly facilitated by a vast Late Cretaceous sea trans¬ 
gression that flooded about a third of the continental lowland areas. At 
the same time the deposition of organic matter and the deposition rate, 
significantly increased in the newly formed and heated epicontinental seas. 
In the open ocean, the deposition rate drastically declined. It is possible 
that a well-known Mesozoic (especially Cretaceous) burst of the oil gen¬ 
eration was associated with this warming climate and the extensive marine 
transgression over the dry land. The nature of this Late Cretaceous trans¬ 
gression and its influence on the oceanic biota has been reviewed in greater 
detail by Sorokhtin and Ushakov (2002). 

The equation for the determination of the temperature evolution on 
ancient continents is: 


Grad T = — (Eq. 14.4) 

S 

This equation enables the calculation of the average tropospheric tem¬ 
peratures at various elevations as a function of the atmospheric heat absorb¬ 
ing capacity, c p and gravity acceleration g. It provides the opportunity to 
determine the atmospheric temperature at any elevation up top ~ 0.2 atm. 
The atmospheric heat conductivity may be determined by: 
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(Eq. 14.5) 


and 


{P*2 C P W } + {Po 2 C p m } + {Pc0 2 C p ic02) } + [pAr C P(Ar) } 

C = -. (Eq. 14.6) 

P 

Sorokhtin and Ushakov (2002) used these equations to estimate the 
continental standing height above sea level (see Figure 14.4). The average 
temperature fluctuations at Earth’s equator and poles can be estimated 
using Eqs. 2.26 and 14.3 (see Figure 14.6). 
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Each supercontinent formation epoch was accompanied by increas¬ 
ing near-surface temperatures (see Figures 14.4 & 14.5). At the time of 
the supercontinent Monogaea’s emergence, =2.6 BY ago, the average tem¬ 
perature at the ocean level exceeded 70 °C, whereas on continents it only 
reached 30 °C. The elevated temperature at the end of Archaean time was 
substantially determined by: (1) a dense layer of atmosphere; (2) an increase 
in the Earth’s precession angle during the formation of the Earth’s core; and 
(3) the formation of the supercontinent Monogaea. During the formation 
of the supercontinent Megagaea (Stille’s) (=1,8 BY ago) the average oce¬ 
anic and continental temperatures approached 22° and 32 °C, repectively. 
During the formation of the supercontinent of Mezogaea (Rodinia) (=1 BY 
ago), the average oceanic temperature declined to 28 °C, whereas average 
temperature on the continents, due to their lower standing level increased 
to 25 °C. During the formation of Wegener’s Pangaea supercontinent 
(=200 MY ago) the temperatures declined, respectively, to 23 °C and 19 °C. 
In-between supercontinent formation periods, the average temperatures at 
sea level and on the continents declined by 7° to 10 °C. 

At the beginning of the oldest glaciation era (Archean, =3.9 to 3.7 BY 
ago), a young sea basin and embryonic future continental shield emerged 
and was positioned within a relatively narrow equatorial belt. As a result, 



Time, BY 


Figure 14.5 Isotopic temperature for ocean flints superposed on a theoretical curve of 
Earth’s climate evolution. Curve 1 - average theoretical curve of the Earth’s temperature 
evolution at the oceanic surface (see Figure 14.5, curve 1); Curve 2 - Oxygen d ls O isotope 
shifts found in sea flints (see Figure 1.3, solid black dots, after Schopf, 1982) and estimated 
temperature of the depth of benthic water where the sea flints were deposited; Curve 3 - 
Temperature of an absolutely black body at the Earth-Sun distance describing Sun 
luminosity (see Figure 1.10). 
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the sea basins of that time were warm, with temperatures ranging from 
(3° to 5 °C) to 20 °C (see Figure 14.4). The altitude of these young conti¬ 
nental mountains may have reached an altitude of 3 to 4 km (Figure 14.5). 
Being on the equator and despite the general warming of the temperature 
of the Earth, the mountain temperatures were likely negative. The evidence 
of glaciations which did emerge in these elevated formations is local in 
nature; however, these glaciers are limited because it appears that there was 
very little liquid water present on the Earth. The authors suggest this may 
be an explanation of why there are no traces of early Archaean glaciation. 

The Middle Archaean glaciation occurred, ~2.9 BY ago (Figure 14.6), 
as the Earth’s tectonic activity and the atmospheric pressure decreased 
(see Figures 4.4 and 5.3). The glaciation might have been developing in 
high and moderate latitudes, as the Earth’s tectonic activity had broad¬ 
ened to latitudes in the range of ±40° to 50°. The young continental shields 
at the latitudes could have also drifted. At the same time, their standing 
height increased to 5.5 to 6 km (Figure 14.5). In the Middle Archaean 
time, the amount of water in the ocean basins significantly increased 
(see Figure 5.12). The temperature increased by 30° to 40 °C, increasing 
the evaporation. Therefore, the high-mountain glaciation in the Middle 
Archaean time most likely could have been accompanied by the formation 
of small ice sheets, which have left their footprint in the Earth’s geologic 
record. 

Sorokhtin (2004) noted that genuine oceans, although not very deep 
(only up to 1 km), emerged in the Early Proterozoic time. The continental 
stand remained rather high, ranging from 2 to 4 or 5 km (Figure 14.5). 
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Figure 14.6 The standing height of continents versus time. 
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In the beginning of the third identified glaciation era (Huron glaciation, 
group III in Figure 14.6) glaciation sheets developed in all latitudes. 

By the end of the third glaciation era, the first in the Earth’s history, 
supercontinent Monogaea disintegrated. Its fragments, which had stood 
high above the sea level, had been scattered over all the Earth’s surface. 
After this disintegration of the supercontinent, in the middle of the third 
glaciation era, 2.4 to 2.1 BY ago, the ice sheets probably formed on all conti¬ 
nental massifs regardless of their latitude. Glacial deposits of this age testify 
to the nature of glaciations now found on today’s continents. This includes 
several locations: in North America, the North American Huron forma¬ 
tion; in Europe, the Baltic Shield; in South Africa, formations of Transvaal 
and Griqualand; and in Western Australia, Turi formation. In each of these 
regions, the glaciation age is almost identical, 2.4 to 2.2 BY ago. 

During the time interval of 2 to 1 BY ago as shown in Figure 14.6, nega¬ 
tive average annual temperatures did not exist on the Earth. Therefore, con¬ 
tinental glaciation should not have occurred. Chumakov (2004) showed 
that there were no traces of glaciation existing in the horizons of Lower 
Proterozoic, Early Riphean, and most of the Middle Riphean. This was an 
extended glacier-free period in the Earth’s evolution. 

In the Late Riphean and Paleozoic, a new era of continental glaciation 
began. This period was associated with a notable cooling of the Earth’s 
climate (see group IV in Figure 14.6). Vast snow-covered territories at 
the poles with a high albedo (around 0.7) resulted in substantially lower 
temperatures. 

Despite rather severe continental glaciations, there were no stable 
marine glaciations (similar to those of the present-day, e.g., Arctic Ocean) 
either in the Late Riphean or in Paleozoic. That was because the circum¬ 
polar areas of the oceans and seas, at that time, had only a slightly negative 
average annual temperature. For that reason, melting occurred during the 
interglacial periods (see Figure 14.4). 

The last and fifth glaciation period began in the middle of Cenozoic 
(=40 MY ago), which was the most extensive in the Earth’s history. The 
fifth glaciation era continues today. This is the last one in the Earth’s his¬ 
tory (group V, Figure 14.3). The first sea glaciations in the Earth’s history 
occurred in the Oligocene and Miocene, in the Arctic Ocean and in por¬ 
tions of the Southern Ocean (shelf glacier covers in the Ross and Weddell 
seas). As a result, there was a substantial temperature decline of the near¬ 
bottom ocean water (16 °C to today’s 2 °C) between the Paleocene and 
Eocene period. 

Climate cooling existed during the Pleistocene on those continents 
positioned close to the poles. This resulted in negative average annual 
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Figure 14.7 Evolution of the Earths surface temperature for the continents caused by 
the mutual influence of: Curve 1 - evolution of Earth’s atmosphere; Curve 2 - standing 
height of continents (see Figure 14.6); and Curve 3 - variation in the angle of precession 
(Figure 14.3). Temperatures calculated at: Curve 1 - temperature at the Earth’s equator of 
the continents; Curve 2 - average temperature of continents; and Curve 3 - temperature at 
the continental poles. Dashed line indicates temperatures during the interglacial periods 
I to VI: Periods of glaciation on high mountains. (After Chumakov, 2004.) 


temperatures. As a result, the ice-sheets had to emerge on the continents. 
If the areal extent of these ice sheets had been significant, the albedo of the 
ice-sheet snow cover rendered an impact. Depending on the elevation of 
the glacial cover, the average temperatures above them dropped to -40 °C 
and at times, even -60 °C. 

Verification of the theoretical estimates for the average temperatures on 
the surface of the ice sheets were obtained by comparing the estimates to 
the experimental data. Wells were drilled to obtain ice cores to determine 
the annual average temperatures T in the central areas of the Antarctic 
where possible the sea cyclones do not reach. Kotlyavov (2000) measured 
temperatures at Dome-C, =3.24 km above the sea level, T = -53 °C, and 
the Komsomolskaya_and Vostok station, elevation 3.5 km above sea level, 
at a temperature, T = -55 °C and -55.5 °C. O. G. Sorokhtin and A.P. 
Kapitsa measured a temperature of T = —60 °C on the summit of the main 
Antarctic dome, at an elevation of 4 km above sea level. The theoretical 
temperature values for the same elevations are, respectively, -54.6°, -55.7° 
and -62.3 °C, which are close to the measured data. 

The question arises as to why there was a warm climatic interval 
between two severe glacial periods at the end of the Mesozoic: between 
the Riphean-Paleozoic and the late Cenozoic era. The origin of this warm 
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period was associated with two factors: (1) the formation of the supercon¬ 
tinent Pangaea, and (2) increased generation of biogenic oxygen. 

The climate evolution theory expounded here indicates a substantial 
role of living organisms in the formation of the Earth’s climates. The nitro¬ 
gen-consuming bacteria have especially affected the global Earth’s climate 
in the Late Proterozoic and Phanerozoic time. Their life-sustaining activity 
has more than halved the nitrogen partial pressure in the Earth’s atmo¬ 
sphere. This lowering of the pressure has resulted in a significant cooling 
and emergence of glaciations in high and moderate latitudes of the con¬ 
tinental Proterozoic and Phanerozoic. Generation of biogenic oxygen by 
phytoplankton and land vegetation during the Phanerozoic time gave rise 
to the blossoming of highly organized life on the Earth and partly compen¬ 
sated for the decline in partial pressure of nitrogen. That was the reason 
for a notable climate warming period occurred at the end of Mesozoic. 
However, after reaching by oxygen the maximum (equilibrium) pressure 
level of about 0.231 atm, a new atmospheric pressure decline and, thus, a 
new cooling era, with the succession of glacial epochs had begun. 

Thus, the primary causes of the Earth’s climate change have been a: 
(1) gradual decline in the atmospheric pressure due to life-sustaining 
activity of nitrogen-consuming bacteria; (2) variations in the precession 
angle; and (3) variations of the Sun activity. 
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Earth’s Future Climate 


Understanding the past allows one to better understand the future. As 
demonstrated earlier, one can use the historic Earth’s atmosphere compo¬ 
sition and pressure (Figure 5.3) as well as the adiabatic theory (Eq. 2.25) 
for the determination of the temperature parameters for the past, current 
and future Earth’s temperatures. The calculated values of temperature from 
these equations (Eq. 2.25) are presented in Figure 15.1. 

Figure 15.1 displays data illustrating that after the Archaean time, the 
Earth’s surface temperature has been continuously declining despite the 
increase of the Sun’s luminosity (Curve 4). After the accumulation of water 
on the Earth’s surface, forming the ocean and emergence in the Early 
Proterozoic time of the oceanic crust, Earth’s temperature decline has 
occurred due to bonding of carbon dioxide in carbonate rocks. Later, dur¬ 
ing the Proterozoic and Phanerozoic times, this process continued through 
the life-sustaining activity of nitrogen-consuming bacteria, which resulted 
in cooling down of the Earth’s surface. 

The effect of the nitrogen-consuming bacteria and thunderstorm activ¬ 
ity on the Earth’s climatic evolution played a positive role in creating a 
favorable environment for the evolution of life on the Earth. Had these 
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Figure 15.1 Averaged evolution of Earth’s climates at: constant Earth’s precession angle 
(// = 24°. Curve 1 - Average for Earth surface temperature at the sea level estimated 
using Eq. 2.25. Curve 2 - Effective Earth’s temperature using Eq. 2.23. Curve 3 - 
Earth’s atmosphere greenhouse effect using Eq. 2.6. Curve 4 - The absolute black body 
temperature using Eq. 2.3. using the distance of the Earth-from-the-Sun, (d) describing 
the increase with time of the Sun’s luminosity, S. Curve 5 - Average Earth’s temperature on 
the assumption that there was no nitrogen consumption by bacteria. 


bacteria and thunderstorms not existed, the current atmospheric pressure 
would be ~2 atm. and Earth’s average surface temperature would be over 
50 °C (rather than today’s 15 °C) and would exceed 70 °C at the equator. 
This would exceed the coagulation temperature of some vitally important 
proteins required for life. The conditions appropriate for life could then 
only be preserved on mountain summits at high latitudes. However, under 
conditions so extreme, the oxygen necessary for life would not be able to 
accumulate in sufficient amounts. In fact, should nitrogen have not been 
continually removed from the Earth’s atmosphere, today, as in Archaean 
time, the Earth would be populated only by thermophilic bacteria and, 
maybe, primitive multicellulars. 

To check the propriety of the reviewed theoretical constructions, the 
authors combined in Figure 15.2 (at an appropriate scale) the theoretical 
curve of the Earth’s climate evolution and empirical curve of sea flint isoto¬ 
pic temperature (sea flints were deposited on the ocean floor and describe 
the temperature of the ocean near-bottom water (see Figure 1.3). As shown 
in Figure 15.2, theoretical constructions quite nicely approximate empiri¬ 
cal data (with the accuracy of temperature determination from the sea flints 
and theoretical estimates). Thus, the Earth’s climatic paradox is defined 
by a continuous decline of the atmospheric pressure. First, it occurred at 
the expense of bonding the carbon dioxide of the Archaean atmosphere in 
the carbonates of Earth sediment cover. Later, after Archaean time, it was due 
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Time, BY 


Figure 15.2 Superposition of isotopic temperature for sea flints on a theoretical curve 
of Earth’s climate evolution: Curve 1 - Theoretical curve of average Earth’s temperature 
evolution on the oceanic surface (see Figure 15.1). Curve 2 - Oxygen 6 ls O isotope shifts in 
sea flints (solid black dots are estimate temperature of benthic water where the sea flints 
were deposited) (After Schopf, 1982). Curve 3 - Temperature of absolutely black body at 
the Earth-Sun distance describing Sun luminosity (see Figure 15-3). 



Age of the sun, 10 9 years 


Figure 15.3 The Sun luminosity vs. time. (After After, 1976.) 


to life-sustaining activity of the nitrogen-consuming bacteria bonding the 
atmospheric nitrogen in organic compounds, which then were buried with 
Earths sedimentary sequences. Most of these sedimentary sequences were 
deposited on the global ocean floor and again pulled into the mantel through 
the oceanic plate subduction zones under the island arcs and continents. 

Based on the oxygen 5 I8 0 isotope shifts in sea flints, a substantial tem¬ 
perature decline in the ocean near-bottom water had already begun by the 
end of Proterozoic and drastically increased in Phanerozoic time. It hap¬ 
pened exactly at the time when the first glaciations occurred on the Earth, 
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which spread over the high-latitude areas of the World Ocean. The local 
benthic temperature maximum (=200 MY ago) exactly corresponds with a 
warm climate epoch in the second half of Mesozoic, during the formation 
of the supercontinent Pangea and the total absence of traces of glaciation. 

The current cooling of the Earth will not last forever because 50 to 
100 MY in the future, the equilibrium between temperature decline due to 
(1) the bacterial removal of nitrogen from the atmosphere and (2) the tem¬ 
perature increases due to increasing Sun luminosity. This state of balance 
will likely occur =600 MY in the future and will be drastically disrupted by 
degassing of the abiogenic oxygen released at generation within the mantle 
of the core matter under reaction of Eq. 12.2. After that generation of the 
free oxygen will begin in the mantle at a rate 2.1 X 10 16 g/year or 21 billion 
tons/ year. Should this entire supply of oxygen enter the atmosphere, its 
partial pressure would increase at a rate approximately 4 atm per million 
years. The oxygen degassing rate will be lower, but still will reach 0.02 atm 
per million years. This means that after 200 MY, after the beginning of 
oxygen degassing from the mantle, its partial pressure will have reached 
almost 4 atm. Earth’s average surface temperature will rise to =76 °C due 
to the greenhouse effect. After another 200 MY (i.e., a billion years in the 
future), the oxygen pressure will have exceeded 14 atm and Earth’s near¬ 
surface temperature will have risen to 110 °C. 

After the beginning of endogenic oxygen degassing, life on land could 
not survive. Because of the low dissolved oxygen solubility in water, only 
in the oceans will higher life forms be able to exist. A continued warm¬ 
ing of the surface of the Earth will result in the boiling of the ocean water 
(=1.5 BY in the future) and an irreversible greenhouse effect will emerge 
with an Earth temperature =550 °C. Thus, even most primitive thermo¬ 
philic prokaryotes will not be able to survive. 

The analysis of the future Earth’s climate by the authors shows that the 
geodynamic conditions favorable for life are not limitless. Most likely, the 
total duration of life on Earth is =4.6 BY (starting 4 BY ago and ending at 
=600 MY in the future). For the evolution of highly organized life, there is 
even less time. Life in the ocean has a maximum of 1.3 BY (600 MY in the 
past to 700 MY in the future) and on land no longer than 1 BY (400 MY in 
the past to 600 MY in the future). 
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Conclusions 


“It’s a paradox” (as described in Chapter 1) that despite the continual 
increase in ther Suns average solar energy emissions of approximately 30% 
(Figure 1.10) since the beginning of the Earth’s origin, the Earth’s climate 
has cooled over the past 65 MY (see Figures 1.3 and 1.5). Furthermore, 
as indicated by Figure 1.7 and other temperature charts for time spans of 
greater than 100,000 years, the temperature of the Earth is cyclical, depen¬ 
dent upon the distance of the Earth from the Sun. The temperature charts 
prove that the average Earth’s temperature is cooling rather than warm¬ 
ing as claimed by some. Temperature charts obtained by satellite for the 
past 22 years show no meaningful change in temperature (Figure 1.8); 
this is likely due to the fact the time period is too short to display the full 
temperature cycle. 

Chapter two develops the relationship of atmospheric pressure to tem¬ 
perature. In order to utilize equation for an ideal gas, the gas pressure 
should be less than 0.1 atmospheres. The troposphere gas pressure ranges 
from 1 atmosphere at sea level to about 0.3 atmosphere at its outer limits 
(7 to 10 miles) (see Figure 2.1). As a result, energy (heat) is primarily trans¬ 
ferred in the troposphere by mass air convection (Figure 2.3, 2.4, and 2.5) 
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and not radiation. Figure 2.7 demonstrates that if the Earth’s atmosphere 
consisted of entirely carbon dioxide (at the same pressure) the Earth’s 
surface temperature would be significantly lower and not higher as some 
individuals have proposed. Adding carbon dioxide to the atmosphere, low¬ 
ers the amount of energy absorbed from the Sun, not increases it as pro¬ 
posed by many. Eq. 2.25 can be used to determine the temperature for 
various mixture of gases at various pressures. 

As discussed in detail in the text, the development of the oceans and 
atmosphere have resulted in a variety of climates for the Earth over time. 
One must look at the long-term changes and the reason for those changes, 
not the short term of only a few years, as some have done, if one is to 
predict climate change. 

Looking at the future evolution of the Earth’s atmosphere, one can see 
a major increase in temperature that will blot out life as we know it in 
600 MY. This will occur as a result of the degassing of the Earth’s mantle. 

Unfortunately, today the scientific community has been politicized by 
individuals refusing to discuss ideas different than their own. The time has 
come for scientific reasoning where hypotheses rise and fall by scientific 
facts, rather than political ones. Everyone is entitled to their own opinion, 
but they are not entitled to force their opinions down other people’s throats; 
that is censorship 
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temperature transformation, 142 
Earth, atmosphere, troposphere, 
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Earth, temperature charts, oxygen 
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Plate tectonics, subduction zone, 74 
Pleistocene time, 97 
Pleistocene, glaciation, 232 
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